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Abstract

This work represents an evaluation and summary of

the current state-of-the-art in pulsed power switching.

Specifically, tube type switches (thyratrons, ignitrons,

etc.), thyristors, transistors, spark gaps, mechanical

switches and various other switches are described. The

emphasis is on single element devices and switch per-

formance achieved by series-parallel combinations of

small devices is not included. A comparison of the capa-

bilities of commercially available switches is made.

Switch characterization and evaluation of those para-

meters responsible for switching performance, including

standoff voltage, peak current, di/dt, pulse width, and

pulse repetition rate, are presented.

ii



TABLE OF CONTENTS

Page

ABSTRACT.................... .. .. ..... .. .. .. .. . ..

ACKNOWLEDGEMENT......................x

LIST OF FIGURES......................v

CHAPTER I. GENERAL CONSIDERATIONS. .............

A. Introduction....................2

B. General Switching Constraints. ........... 4

C. High Power Switch Capabilities. ......... 12

D. Switch Parameter Description and Definition. . 23

E. References .................... 26

CHAPTER II. TUBE TYPE SWITCHES. ............ 27

A. Hydrogen Thyratrons .. ............. 28

B. Ignitrons. ................... 49

C. A Thyratron-Ignitron Hybrid Switch .. ..... 68

D. Liquid Metal Plasma Valve .. ........... 70

E. Crossed Field Tubes .. ............. 80

F. Vacuum Tubes ................... 90

G. Cold Cathode Vacuum Tube ............ 103

CHAPTER III. SOLID STATE SWI~TCHES. ........... 105

A. Thyristors....................106

B. Transistors .................... 160

CHAPTER IV. SPARK GAPS..................176

A. Introduction...................177

B. Gas Gaps.....................186

C. Triggered Vacuum Gaps. ............. 266

D. Liquid Spark Gaps. ............... 278



Table of Contents (cont.) Page

CHAPTER V. MECHANICAL SWITCHES .... ............ .286

A. Introduction ....... ................. .. 287

B. Mechanical Switch Characterization ........ .288

C. Power Circuit Breakers .... ............ .295

D. Other Mechanical Switch Examples ......... ... 307

E. Parameters ........ ................. .. 313

F. Summary ......... ................. .321

G. References ........ .................. .. 324

CHAPTER VI. MISCELLANEOUS SWITCHES ... ......... .. 326

- Introduction ...... ................. ... 327

B. Vacuum Arc Opening Switches .... ........ .. 329

C. Electron Beam Triggered and Sustained Switches335

D. Solid Dielectric Switches .... .......... .341

E. Dielectric Surface Discharge Switches . . . . 354

F. Fuse Opening Switches ..... ............ .358

G. Explosive Opening Switches .... .......... .372

H. Thermally Driven Opening Switches ..... ... 379

I. Superconducting Switches ... ........... .. 383

APPENDIX I. BASIC THEORY OF GAS BREAKDOWN ........ .. 399

APPENDIX II. HIGH POWER SWITCH DATA AND RATIONALE . . 413

APPENDIX III. POWER CIRCUIT BREAKER DUTIES AND RATINGS428

iv



LIST OF FIGURES

FIGURE PAGE

I-1. Switch voltage, current and power dissi-
pation for square pulse operation ... ...... 5

1-2. Approximate Anode Fall Time of Various
Switches as a function of Pressure ..... .. 10

1-3. Peak Rated Standoff Voltage Versus Peak
Rated Forward Current ... ............ ... 13

1-4. Total Coulomb Transfer Capability Versus
Life Expressed as the Total Number of Pulses 15

1-5. Charge Transfer per Pulse Versus Pulse
Repetition Rate .... ............... ... 17

1-6. Peak Repetitive Current Versus Pulse Repeti-
tion Rate ....... .................. .. 19

1-7. Rate of Current Rise Versus Peak Forward
Current ....... ................... .. 20

1-8. Rate of Current Rise Versus Peak Standoff
Voltage ....... ................... .. 21

II-1. Basic Thyratron Configurations and Materials
Summary ....... ................... .. 29

11-2. Peak Standoff Voltage Versus Pulse Current
for Large Commercial Thyratrons ......... .. 32

11-3. Average Current Versus Peak Current for
Commercially Available Thyratrons ........ .. 33

11-4. Cathode Limitations as a Function of Power
Density and Pulse Width, Current Density
and Specific Resistance ... ........... ... 36

11-6. Experimental Results .... ............ . 41

11-7. Basic Ignitron Configurations and Materials
Summary ....... ................... .. 50

11-8. Rated Switching Voltage and Current for
Commercially Available Ignitrons ...... .. 51

11-9. Average Current Versus Peak Pulse Current
for Crowbar Ignitrons ... ............ ... 53

v



List of Figures (cont.)

FIGURE PAGE

II-10. Structural Features of the Liquid Metal
Plasma Valve ...... ................. .. 71

II-11. Crossed Field Switch Configuration ........ .. 81

11-12. Vacuum Tube Schematic .... ............ . 91

11-13. Rated Standoff Voltage Versus Rated Pulse
Current ....... ................... .93

III-1. Therminal Connections to a Thyristor ....... 107

111-2. Basic Thyristor and Thyristor Equivalent
Circuit .......... .................. 110

111-3. SCR Current-Voltage Characteristics .. ..... ill

111-4. Typical SCR Construction ... ........... .. 113

111-5. Repetitive Peak Blocking Voltage vs. Turn-off
Time ......... ..................... .115

111-6. Double Bevel Control of Surface Breakdown . . 117

111-7. Forward Voltage Drop at 200 A/cm2 as a Function
of Hole Lifetime in the n-Base and of Effective
Base Width ........ .................. .. 121

111-8. Overlapping Shorted Emitter (a); Multiply
Shorted Emitter (b) ..... ............ .. 123

111-9. Time Dependence of Trapezoidal Forward Current
Pulse (a); of Forward Voltage (b) ........ .. 126

III-10. Effect of Emitter Shorting and Lifetime on
Plasma Spreading Velocity (a); Relationship
between Plasma Spreading Velocity and Block-
ing Voltage (b) ...... ............... .. 129

III-11. Representative Interdigitated Contacts. . . . 131

111-12. Firing Sequence for Shorted Emitter Auxiliary
Gate Thyristor (a); Auxiliary Gate Thyristor
Equivalent Circuit (b) .... ............ .132

111-13. Regenerative Gate Structure ... ......... .. 134

vi



List of Figures (cont.)

FIGURE PAGE

111-14. Effects of Minority Carrier Lifetime on
Forward and Reverse Blocking character-
istics ......... .................... .137

111-15. Light Triggered Thyristors .... .......... .141

111-16. Laser Activated Semiconductor Switch (LASS) . 142

111-17. Reverse Conducting Thyristor, Antiparallel
Structure (a); p-i-n Structure (b) ........ .144

111-18. Field Controlled Thyristor .... .......... .. 146

111-19. Basic Transistor Structure (a); Transistor
Terminal Connections (b) .... ........... .161

111-20. Impurity Profiles for an n+ -P-n + Transistor
+ +

(a); for an n -p-v-n Transistor (b) ....... .. 166
+ +

111-21. Output Characteristics for+an n -p-n Trans-
istor (a); for an n -p-v-n (b) .......... .171

+ + + +
111-22. Turn-On Behavior of n -p-n and of n -p-v-n

Transistors ....... ................. .. 173

IV-l. Effect of Metastable Atoms .... .......... .187

IV-2. The Trigatron Arrangement .... .......... .204

IV-3. Field Distortion Spark Gaps ... ......... .. 206

IV-4. Field Distortion Switch .... ........... .207

IV-5. Basic Laser Triggering Methods ........... .. 214

IV-6. Delay vs Laser Power .... ............. .. 215

IV-7. Jitter vs Laser Power ..... ............ .216

IV-8. Arc Recovery Strength in N2 at 1 atmosphere

(6.4 mm Gap, 19 mm) Cylindrical Electrodes
(Cu), 400-Ampere Arc) ..... ........... ..222

IV-9. Rep Rate Spark Gap Switch Assembly ........ .225

vii



List of Figures (cont.)

FIGURE PAGE

IV-10. Turbulent Flow Switch .... ............ . 227

IV-II. Spark Gap Cross Section ... ........... ... 231

IV-12. Electrode Surface Temperature vs Rate of
Current Rise for Copper, Tungsten, Lead and
Aluminum ....... .................. .. 236

IV-13. Anode Jet Velocity vs Rate of Current Rise
for Copper, Tungsten and Aluminum ........ .. 237

IV-14. Erosion of MK V Gap Main Electrodes ....... 243

IV-15. Effect of gas pressure an erosion rate in a
2 mm gap, electrodes 30 mm diam., Q = 7 Cb
Const ........... .................... 44

IV-16. Erosion Rate for Different Electrode Metals
(13 mm, 1 atm) ..... .. ................ /

IV-17. Erosion Rate for Different Electrode Metals
(1.5 mm, 6.5 atm) ..... .............. .. 248

IV-18. The Erosion at a Constant Coulomb Rating
But Varying Current .... ............. ... 249

IV-19. The Erosion of Copper .... ............ . 250

V-1. Elementary Mechanical Switch Components. 292

VI-I. Vacuum Arc Interrupter ... ........... . 330

VI-2. Electron Beam Triggered and Sustained Switches336

VI-3. Dielectric Switch Schematic ........... ... 343

VI-4. Typical Switch Package Construction ........ 345

VI-5. Solid Dielectric Switch Breakdown Process. 347

VI-6. Multichannel Solid Dielectric Switch . ... 348

VI-7. Metal-Metal Switch .... ............. . 351

VI-8. Dielectric Surface Discharge Switch ........ 355

viii

ici.



List of Figures (cont.)

FIGURE PAGE

VI-9. Time to Explosion At of Copper Wires Versus
Current Density j .... .............. ... 359

VI-10. Peak Voltage per Length V* of Copper Wires
Versus Time to Explosion. Parameter: Sur-
rounding Medium ..... ............... ... 361

VI-Il. Peak Voltage per Length V* and Current Shapes
of Slowly Exploding Wires in Different Sur-
rounding Media ..... ............... . 363

VI-12. Explosive Switches .... ............. . 374

VI-13. Possible B-Field Orientations for S.C.
Switch Quenching ..... .............. . 385

VI-14. Superconducting Opening Switch ........ . 392

AI-I. Evolution of Voltage and Current in Gap.
Voltage is applied at t = 0 ........... ... 401

AI-2. Typical Paschen Curve .... ............ . 408

A3-1. Short Circuit Current with Decaying D-C
Offset ....... ................... . 432

A3-2. A Symmetry Factor for Symmetrical Rating
Standard ....... .................. . 432

ix

(7



Acknowledgement

This work was funded by the Naval Surface Weapons

Center/Dahlgren Laboratory, Special Applications Branch,

through the Air Force Aero-Propulsion Laboratory, Senior

Investigator Program, Wright-Patterson AFB, Contract

F33615-77-C-2059 (Southeastern Center for Electrical

Engineering Education). Numerous individuals and organi-

zations, both domestic and foreign, generously contributed

much of the necessary information to complile this report.

Rather than risk offending individuals or organizations due

to an inadvertent oversight, the authors wish to thank col-

lectively those who assisted Texas Tech University in the

preparation of this report.

x



CHAPTER I
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A. Introduction

New developments in high-technology areas, such as

lasers and fusion, often require electrical switching

capabilities beyond what are currently available. New

requirements may result in new switch studies and develop-

ment programs devoted to the specific needs of a particu-

lar application and, consequently, to a narrow range of

switching parameters. Few studies, however, have consid-

ered broad areas of high power switching and the general

comparison of various switching technologies as well as

the identification of those factors which appear to limit

a particular switching concept. This report describes a

study conducted at Texas Tech University to analyze and

assess high power switches. This effort includes the

evaluation of the more popular switches and describes some

of the most promising concepts. A few novel switches are

also described. This report represents a one man year

effort.

The meaning of the term "high power switches" is subject

to varying definition depending on the user. For this re-

port, the meaning of "high power switches" is constrained to

those switches cr switching concepts which are capable (or

appear capable) of "standing off" kilovolts and conducting

currents in the "ON" state of the order of kiloamperes. Small

switches can be connected in parallel and/or series to achieve
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a high power capability. Although this is a legitimate

approach to increased switching capacity, this study is

confined to single element switches.

Both opening and closing as well as single shot and

rep-rated switches are included within the scope of this

report. Obviously the scope is so broad that it is dif-

ficult (if not impossible) to cover every possible switch.

Thus, the more interesting and important concepts form

the principal topics. The major types of switches described

are spark gaps, vacuum tubes, gaseous tubes such as thyratrons

and ignitrons as well as solid state devices and mechanical

switches.

In general, all switches have certain aspects in common.

Many switches are governed by general concepts such as Paschen

breakdown and the glow-to-arc transition. It is worthwhile

then to review briefly the fundamental aspects of switch

operation and those concepts which are applicable to switches

in general. This section is followed by a short review of

the state-of-the-art of the major commercially available

switches. A few of the more important switches which are

not readily available commercially are also included. For

uniformity a consistent set of switch parameters is required.

The parameters used in this report are described at the end

of this chapter.
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B. General Switching Constraints

Fundamentally, most switches in the "open" state may

be viewed as a set of capacitor plates separated by a

dielectric. The properties of the dielectric are such

that it can be made conductive in some manner such as ioni-

zation of a gas (thyratrons), injection of charge carriers

into the conduction band (solid state), etc. or by in-

jection of a conducting medium into the separating region

(vacuum spark gaps). Even the closure of mechanical

contacts is usually preceeded by an arc. In most cases

a charge transport phenomenon through the previously in-

sulating medium is required to achieve switch closure. To

recover to the "open" state, a deionization process is usually

required.

The voltage standoff capabilities (see Fig. I-1) of a

switch are determined by the breakdown characteristics of

the dielectric and/or the field emission characteristics of

the separating electrodes. For example, in low pressure

devices such as thyratrons or vacuum devices the electrodes

are usually separated by less than one mean free path of

the insulating (or residual) gas and field emission domi-

nates. For others, such as solic dielectric spark gaps, the

breakdown of the dielectric is usually exceeded before field

emission from the separating electrodes becomes a problem.
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VOLTAGE 
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Figure I-1. Switch voltage, current and power
dissipation for square pulse operation.
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Problems associated with breakdown of insulators or envelopes,

etc. are not considered, for purposes of this report, to be

limiting factors as they can usually be solved by proper

voltage grading, oil submersion, etc. Size constraints

imposed by the application may be such that envelope con-

straints dominate switch performance. However, this type

of problem doesn't in itself, constitute a switch con-

straint except as imposed by the specific application.

Because charge transport is required for switch closure,

sufficient energy must be available to accelerate the car-

riers within the gap. For triggered switches a source of

charges is usually provided in some manner (ignitors in

ignitrons, trigger electrodes in spark gaps, etc.). Because

these charges will have some initial velocity distribution,

some of the carriers will cross the gap sooner than others.

This results in a finite closure rate determined by the

initial conditions in the charge source, the accelerating

voltage, and the insulating medium. Considerable energy may

be dissipated during the closure phase (referred to as the

"resistive" phase in spark gap terminology). X-rays will

be emitted for high voltage switches and electrode damage

due to heat generation is possible. Thus, some switches

have di/dt constraints imposed by their heat capacity and

conductivity or a di/dt limitation imposed by carrier

formation rates.

The switch voltage in the "on" state (forward drop in

Fig. I-1) is important in determining overall switch effici-

ency. For most switches the forward voltage is determined
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by complex processes and in general is not constant with

time. This is especially true for short, fast rising

pulses. Thus, a spark gap may have a forward drop of

100-150 volts shortly after the initial "turn on" phase,

but only 20-30 volts for the same current in "steady

state."

The recovery time of a switch generally refers to

the time for the recovery of the dielectric properties

of the switch so that voltage can be withstood. Most

switch concepts require the recombination of charge

carriers in the recovery process. This recombination

is a function of the plasma characteristics of the con-

ducting medium; i.e., charge density, mobility, tempera-

ture, collision and attachment cross sections, mean free

paths, external fields, etc. After a certain time, recom-

bination or recovery has progressed to a point that some

voltage can be withstood and the recovery process con-

tinue at some rate, dv/dt. This leads to a dv/dt con-

straint for many switches. If a certain rate of reappli-

cation of voltage is exceeded, then there is a high proba-

bility that the conducting state will be reestablished.

In some switches, the application of a high dv/dt will

result in switch closure, even from the open state. Many

solid state devices suffer from this characteristic. In

any event, the recovery characteristics of a switc!clearly
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limit the rate at which the switch may be operated. In

general, an increased dissipation is associated with the

recovery phase of a switch (Fig. I-1). This dissipation

is a straight forward process in "opening" switches 'at

least in principle) but may be imposed by external cir-

cuitry in "closing" switches. If a negative voltage is

applied to the anode immediately after the main pulse, sig-

nificant ion bombardment of the anode may occur, increas-

ing dissipation.

A switch in its "open" state is required to withstand

a voltage determined in part by the properties of its

dielectric. Clearly there is a capacitance associated with

a switch in its open state, and most of the energy thus

stored will be dissipated internally to the switch. Thus,

in the extreme, a limitation on switching action may be

determined by the switch's ability to dissipate its inter-

nally stored energy, especially for high pulse repetition

rates.

Switches that do not clearly define initial conditions

suffer from jitter. Charge buildup is usually a random

phenomenon and the delay in the start of closure is also

random. The initial conditions can be well defined as

demonstrated by the use of lasers in pressurized spark gaps

and solid state devices or "keep alive" electrodes in

thyratrons. The result is a greatly reduced jitter.

A great number of important switches are fundamentally

limited by an equivalent Paschen's Law. This law relates
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the breakdown voltage to electrode separation and gas

pressure (See Appendix I). Figure 1-2 shows some important

characteristics of several switches and their relationship

as a function of gas pressure. It is interesting to note

that the lower the pressure, the longer the fall time in

anode voltage, the exception being the vacuum tube which

does not depend on a breakdown process. It is also inter-

esting to note that delay and jitter decrease with in-

creasing pressure but recovery time can be expected to

increase with pressure. At very high pressures however,

the recovery processes are such that recovery time may

decrease with increasing pressure.

Another important process in the breakdown phenomenon

is the glow-to-arc transition (GAT). A review of this

process was performed by M. A. Lutz [i] who proposes the

following model:

"A clear model for the GAT is evident. An insulating

particle on the cathode surface charges up by positive

ion bombarament to a potential high enough that the field

strength causes breakdown, producing a burst of vapor.

This can only happen for a range of particle sizes, this

range in turn depending on the glow current density and dis-

charge voltage. Once the vapor is produced, any volatile

contamination in the vicinity increases the amount and dura-

tion of the vapor burst, thereby increasing the probability

of subsequent arc formation. If the circuit current exceeds

.... . .,/
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Figure 1-2. Approximate Anode Fall Time of Various
Switches as a function of Pressure.



the vapor arc chopping current, an arc forms immediately.

If not, arc formation can occur only if the circuit current

can rise above the chopping current in a time short relative

to the duration of the vapor. It is in this regard that the

amount of stored energy which can be delivered on the nano-

second time scale (to sustain the embryonic arc) and the

external circuit play a role."

Clearly, the GAT is very important in switches oper-

ating in the arc mode and equally important to switches

where an arc is to be prevented. The reader is referred

to this article [1] for more detailed information.

I.
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C. High Power Switch Capabilities

Reviews of the state-of-the-art of the high power

switches has been previously reported [2,3,4]. A portion

of this work [2,3] is represented here to establish an

overall perspective for the present status of the more

popular, high power switches. The switch selection for

this presentation is based primarily on off-the-shelf

availability (the exception being some spark gaps). This

evaluation then omits many important switches such as

fuses, mechanical "opening" switches, etc. A description

of the capabilities of these concepts is deferred to

subsequent chapters.

Even with the deletion of many competing technologies,

a meaningful and fair comparison is difficult. Most

switches can be operated in a manner to enhance some switch

parameter over the others. Thus, taken out of context so

to speak, the operation of a switch can be manipulated to

show advantage in one regard or the other. In this presen-

tation, simultaneous operation at maximum rated standoff

voltage, and peak pulse current are taken as the primary

operating constraints. The data and the rationals used

are presented in Appendix II.

Figure 1-3 shows the rated standoff voltage plotted

for the rated pulse current for the various switches. No
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obvious trends exist in the data, which suggest that the

state-of-the-art in these devices is determined more by

application requirements than fundamental limitations.

Clearly, spark gaps have achieved a higher level of per-

formance as far as voltage and current are concerned. In

terms of peak switched power the ranking is spark gaps.

ignitrons, thyratrons, vacuum tubes and lastly, SCR's.

Of course, voltage and current are only part of the overall

picture. Figure 1-4 shows the total Coulomb transfer of

the switch versus life time expressed as the total number

of shots obtainable. The besL device in this regard is the

SCR but little data are available and the expected life is

so great in comparison to the other devices as to be off

scale in Fig. 1-4. It is likely that ignitrons operated

in square pulse operation would also demonstrate enormous

total Coulomb transfer. However, little data are available

on this type of operation for ignitrons. The data shown for

ignitrons came from tests which were terminated, for various

reasons, before actual device failure. The best total Coulomb

transfer for ignitrons used in ringing type discharges is

3 x 105 C.

Thyratrons can be expected to transfer between 108 and

109 Coulombs with greater than 1010 shots. This fact,

coupled with the peak power capabilities shows the enormous

advantage that hydrogen thyratrons have over most other type

switches which have similar peak power capabilities but lower

i 

. . ... ... . . .. mn nn , ....
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life expectancies. Vacuum tubes are capable of similar

Coulomb transfer but at much reduced peak power. Spark

gaps operating at high peak powers have not demonstrated

a great ability for total Coulomb transfer capability

(see Appendix II). Some spark gaps have demonstrated a

respectable total Coulomb transfer, however, but extensive

life test data are not available. It is obvious that the

true capabilities of spark gaps are not well defined in

this regard.

The total Coulomb transfer capability shown in Fig.

1-4 gives, of course, no indication of the rate of charge

transfer. Thus, the charge transfer per pulse versus pulse

repetition rate is shown in Fig. 1-5 and the peak repetitive

current versus repetition rate is shown in Fig. 1-6. The

general fall-off in charge transfer per pulse at high rep-rates

results from device heating limitations and from the re-

duced pulse width resulting from high rep-rates. Figure 1-6

would be identical to Fig. I-5 if the pulse lengths were

the same for all devices. Notice that vacuum tubes are

capable of considerable Coulomb transfer per pulse but at

low repetition rates (Fig. 1-4). By reducing the pulse

width or Coulombs/shot, much higher repetition rates can

be achieved. Operation at higher than rated current usually

reduces the life expectance of all switch types. Figure

1-5 shows only a modest Coulomb/shot capability for thyratrons
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because operation at maximum current (Fig. 1-6) is assumed.

Reduction of the peak current will allow a considerable

increase in pulse width allowing for a much greater Coulomb

per shot capability.

Spark gaps have been tested in short-circuit discharges

and shown to have extremely high di/dt capability. Generally,

spark gaps can be designed with multichannel discharges

to provide such a low inductance that the current risetime

is limited by the load rather than the switch itself.

Many spark gaps with liquid or solid dielectric media also

have spectacular performance characteristics in single

shot service but it is difficlut to envision how one

can extrapolate these parameters to rep-rated service.

The data presented here are, therefore, mostly for gas

filled gaps except for one vacuum gap listed in Table

IV, Appendix II.

The di/dt versus the peak current and maximum hold-

off voltage for the various switches are shown in Figs.

1-7 and 1-8. The characteristic turn-on time, T = I p/(di/dt),

for the devices described in Fig. 1-7 generally seems to

decrease as the peak current capabilities increase.

Although vacuum tubes seem capable of reaching their peak

rated current somewhat faster than the other devices, spark

gaps show the greatest capability for combined speed and

peak current. Little data were found on di/dt capabilities

or limitations of ignitrons. Also, the di/dt capabilities
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of vacuum tubes is a function of the drive capabilities as

mentioned in Appendix II and little actual data were found.

The di/dt limitation of thyratrons is, to a degree,

determined by the application. At high repetition rates

and high di/dt operation, considerable tube heating may

occur and the life of the tube is thus reduced. However,

sufficient data were found to say that reliable opera-

tion from 104 to 105 amperes/microsecond can be expected

for most commercially available devices.
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D. Switch Parameter Description and Definition

In any reasonably well defined switching concept (such

as thyratrons) there are many terms and parameters used

to describe the operation or character of a particular

device. Because different concepts may use different

terminology for the same parameter and because some para-

meters are not universally applicable to the various

switching concepts, it is not feasable to define a universal

set of switch parameters.

If a switch, regardless of whether it is a spark gap,

solid state device, etc., is viewed as a black box with

power terminals and control terminals, then a set of para-

meters describing the black box can be defined. Of course,

this approach ignores the internal workings and character

of the particular switch.

There are many parameters which are functions of a

particular application. Examples are the effect of environ-

ment on voltage, circuit layout on inductance or di/dt capa-

bilities. For purposes of this report, this type of appli-

cation induced parameters are largely ignored and the major

effort is directed toward the determination of factors which

form ultimate limitations.

A description and definition of the switch parameters

used in this report is as follows:
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Voltage Standoff-Manufacturers rating for commercially

available devices. The limitation is defined as

that voltage for which breakdown of the device will

occur based on the internal characteristics rather

than those limitations imposed by device packaging,

etc.

Peak Current-Manufacturers rating for commercially avail-

able devices. The limitation is defined as the current

at which the "health" of the device is in jeopardy.

More often than not, the current is also a function of

the pulse width.

Pulse Width-Time for the beginning of conduction to termi-

nation of conduction.

di/dt-That rate at which current can be applied without

device damage or, in some cases, that value of current

rise limited by the switch itself.

Delay Time-That value of time between the application of

a trigger command and the initiation of conduction.

To the extent possible, the effects of the character

of the trigger pulse are ignored.

Jitter-Variations in the exact time of the initiation of

conduction.

Pulse Repetition Rate (rep-rate)-The rate at which the

switch can be "opened" and "closed" without degrada-

tion of characteristics.

Recovery Time-That time between the end of a current pulse

and the point at which the switch recovers the ability

to withstand voltage.
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dv/dt-That rate of change of applied voltage which can be

safely applied to a device after conduction and/or the

rate at which voltage can be applied to a device without

causing a switching operation.

Forward Drop-The voltage drop across the switch after the

initial "turn on" phase.

Life-The life expectancy of switches is measured in different

ways. In some cases, the number of "shots" or operations

is sufficient. In others, the amount of time (usually

stated in hours) of repetitive operation is more appro-

priate.
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A. Hydrogen Thyratrons

1. Introduction

The thyratron is primarily a undirectional "closing" switch.

Switch closure is achieved by grid control. The tuLe is filled

with low pressure hydrogen although deturium is occasionally

used [1] and operation is on the left hand portion of the Paschen

curve (see Appendix I). An electrical pulse applied to the grid

will cause switch closure by the ionizing the fill gas. A hot

cathode is used to emit electrons into the neutral plasma formed

by the gas. Once the thyratron is "triggered," the control grid

is quickly surrounded by an ion sheath and thus loses control

over the discharge. Thus, recovery depends on a current zero,

maintained for sufficient time to allow deionization of the con-

ducting plasma.

The usual configurations and a list of electrode materials

of hydrogen thyratrons are shown in Fig. II-l. In the single

gap version, the control grid is placed in close proximity to

the anode. The anode-control grid spacing is less than one

mean free path at the tube operating pressure. This spacing

prevents spurious "firing" of the switch but also limits the

voltage standoff due to field emission. The cathode is located

many mean free paths from the control grid, usually at a Paschen type

minimum to reduce grid drive requirements. A baffle (at cathode

potential) is placed between the control grid and the cathode.

In addition, or instead, a baffle at grid potential may be



29

LANODE JA NODE

C O N T R O L - - - I G I
GRID BAFFLE - L GRADIENTD I (GRIDS

CONTROL
CATHO GRID BAFFLE

CATHODET

a. BASIC THYRATRON b. ITERATIVE GRID THYRATRON

ANODE- MOLYBDENUM, COPPER

GRID - COPPER, MOLYBDENUM

CATHODE - BaO, SrO, CaO COATING ON TUNGSTEN
BARIUM ALUMINATE IMPREGNATED TUNGSTEN

GAS - HYDROGEN OR DETERIUM AT APPROX.,5 Torr

RESERVOIR - HYDRIDE MATERIAL, TITANIUM, TANTALUM, ETC.

Figure II-l. Basic Thyratron Configurations and
Materials Summary.



30

placed over the grid apertures. These baffle geometries prevent

a line-of-sight path between the anode and cathode. Baffles

help prevent spurious triggering and the control grid may be

maintained at zero volts without tube breakdown.

The multigap or iterative grid version of the hydrogen

thyratron (Fig. II-lb) is employed to achieve high stand-off

voltages. Additional grids (gradient grids) are employed to

grade the voltage drop between the anode and cathode. The

control grid-cathode geometry is essentially the same as in

the single gap version.

Other versions of the thyratron are possible. An impor-

tant version is the "double ended thyratron" [2,3,4]. Essen-

tially, this thyratron is symmetrical in that it has a cathode

at each end. Thus, this tube can operate as a bidirectional

switch. This ability is important in applications where large

voltage reversals are likely. Versions of the "double ended"

thyratron are available with voltage capabilities above 100 kV

(gradient grids are employed) and pulse currents in the 10 kA

range.

The usual envelope material is either glass or a ceramic.

The use of ceramics allows for compact designs as well as very

high average power. A distinction is made between the oper-

ational characteristics of "glass" thyratrons and "ceramic"

thyratro:s. Under heavy pulse conditions, ion pumping occurs

so that a pressure differential exists within the tube. In

ceramic tubes, the gas density in the grid-anode region may
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become too low for operation and the tube refuses to trigger

[5]. Glass tubes are not prone to suffer from this problem

because of their geometry. Glass thyratrons employ a bulb

structure and the anode is completely surrounded by the grid

structure. Holes in the grid structure allow gas to penetrate

quickly into the grid-anode region thus equalizing pressure

differences. Ceramic thyratrons are more compact and employ

an in-line geometry so that the only access for gas to the

grid anode region is through the grid aperture utilized for

the discharge. Thus, the essential difference between the

two tubes is one of geometry rather than materials.

Thyratrons operating in pulse modulators are typified

by kiloampere pulses with delays of 20 to 30 ns, jitter of

1 to 5 ns and forward voltage drops of approximately one

hundred volts. Among the commercially available tubes, one

offers a standoff voltage of 260 kV and another has a peak

repetitive current rating of 80 kA (see Fig. 11-2). Typical

rates of current rise are from 104 to 105 A/Ps although 5 x 105

A/ps has recently been achieved [6]. Some new tubes offer aver-

age currents to 50 A (Fig. 11-3) and smaller versions are capable

of pulse repetition rates to 100 kHz although a few hundred

Hertz is more typical among the large, high power tubes. The

technological factors defining thyratron limitations are reason-

ably well established. The major factors are discussed below.

2. Voltage Standoff

In single gap tubes (no iterative grids), the control grid-

anode spacing is less than one mean free path. The obvious
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limitation on standoff voltage is then due to field emission or

vacuum breakdown between the grid and anode structures. Manu-

facturers typically precondition or "cure" thyratrons to 70

kV or more but typically rate single gap tubes at only 40 to

50 kV. Under repetitive pulse operation, other breakdown

mechanisms may occur, thus limiting the standoff voltage. The

primary mechanism for breakdown under high repetition rate

conditions is thought to be due to charge accumulation on the

tube walls (ceramic tubes). By careful design, the operating

voltage may be considerably increased. An experimental, single

gap thyratron has demonstrated good reliability operating at

100 kV [7]. Although this tube had a glass envelope, it serves

to demonstrate that the ultimate voltage limitation of thyratrons

is considerably above the ratings of present devices. Present

packaging constraints, mass production techniques and user

operational requirements combine to form the "practical" limi-

tation of 40 to 50 kV per gap. These numbers are somewhat

vague and operation beyond manufacturers ratings has been

achieved on many occasions. (See for instance ref. 8). Suffice

it to say that of the present commercially available thyratrons,

reliable operation with long life can be expected, in general,

if the standoff voltage is limited to 40 to 50 kV per gap.

When iterative grid structures are used to obtain higher stand-

off, the per-gap-voltage is reduced further. Typical gap vol-

tages may be 30 to 40 kV in this case.
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3. Pulse Current

The cathode is the primary limiting factor on the peak

current capability of thyratrons. As indicated in Fig. II-1,

thyratrons use an oxide coated or impregnated cathode. At

operating temperature, the oxide coating is slowly evaporated.

The rate of oxide evaporation is a strong function of tempera-

ture and under pulsing conditions, the oxide layer is further

heated by the pulse current. Thus, the combined peak repeti-

tive current, pulse width and repetition rate capability is

a tradeoff with the life expectancy of the tube [9,10]. Fig-

ure 11-4 gives an indication of the current-pulse width capa-

bilities versus the specific resistance of the cathode coating.

The RMS current rating of thyratrons is a guide in this regard.

By appropriate manipulation of heater power under a specific

set of operating conditions, cathode life can be considerably

extended (see section on life expectancy).

If life expectancy is not a major concern but rather the

peak current capability on a single shot or low repetition rate

basis, the peak temperature of the cathode coating must be

limited to prevent arc formation. Because of the resistivity

of the oxide layer, the temperature of this layer rises rapidly

during the pulse. At the hottest spot on the cathode consid-

erable material is evaporated and a metal vapor arc may develop

between the cathode and anode. Thus, on a single shot basis,

the combination of peak current and pulse width limits thyratron

capabilities [11]. The important current-pulse quantity is 12 t

but factors such as the specific heat of the oxide layer, emissivity,
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thermal conductivity and initial temperature are, of course,

also important. Obviously an exact formulation would be

extremely difficult and of doubtful use because of the

difficulty in obtaining uniform emission from the cathode.

For a particular tube, the power density versus

pulse width which resulted in a metal vapor arc is shown in

Fig. 1-4 (11].

Typical cathode structures employ a vertical vane or

similar structure to obtain a large surface for emission. It

is difficult to expose these geometries to a uniform electric

field and the emission from the cathode is, therefore, not

uniform [9, 10]. This situation is further aggravated by

tempcrature gradients within the cathode itself. One of the

major problems in thyratron design is thus cathode utilization.

That portion of the cathode that is hottest and nearest the

anode will emit the most electrons and will in turn become

hotter. Manufacturers have managed to work with this problem,

and average current densities from a few amperes/cm 2 to 60-70

amperes/cm 2 and higher are obtained. An advance in the switch-

ing capabilities of thyratrons is possible if means can be

found to obtain better cathode utilization.

Another factor affecting the peak current capabilities

of thyratrons is the grid aperture area. Apparently, if this

area is too small, the tube has a tendency to form plasma

instabilities and an MHD type pinch may occur under high cur-

rent, long pulse conditions. It has been found that this problem
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does not occur if the aperture current density is limited to

2approximately 10 kA/in

4. Pulse Width

The essential factors affecting pulse width capabilities

are covered in the pulse current section. Essentially, the

magnitude of the pulse current, cathode temperature and the

desired life expectancy combine to determine pulse width

capabilities. High current for too long a pulse duration will

result in a metal vapor arc [11] or, if an arc does not form,

a reduced life will result [9]. In addition, very long pulse

operation may require a greater grid aperture area than the

general rule of thumb number, 10 kA/in2. This number is

used to design thyratrons intended for use in applications re-

quiring pulse widths of a few tens of microseconds or less.

5. Repetition Rate

There are two principal factors affecting the rep-rate

capabilities of thyratrons, life expectancy and recovery time.

The effect of peak current, pulse width, and pulse repetition

rate on cathode life are discussed in the section on pulse

current. Tube heating and cathode evaporation do not directly

effect rep-rate capabilities except in terms of the long term

capabilities of the tube.

Recovery time, however, is a fundamental limitation of

pulse repetition rate capabilities of thyratrons. "The time

between the end of the current pulse and that at which posi-

tive voltage may be reapplied to the anode without causing
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breakdown is called the recovery time. It is strongly affected

by negative bias on the grid. It is less affected by the peak

discharge current, which determines plasmas densities at the

onset of the deionization interval. ... The presence of inverse

voltage has no effect on recovery time" [10]. These conclusions

were derived by thyratron researchers in the mid fifties. It

should be pointed out that the research was conducted on

small tubes by today's standards.

These facts are borne out today by available manufacturer

data for small tubes. However, large tubes present greater

problems and little published data are available on recovery

characteristics of large thyratrons.

The exact mechanism for deionization of the plasma is

not well understood. Ambipolar diffusion theory seems to

best account for the observed responses [10]. Uncertainties

in the plasma conditions such as number density, temperature,

etc. lead to ambiguities in the theory and, consequently,

difficulties in engineering new tubes. From a qualitative

point of view, the diffusion distances must be kept small and

the confining walls should be cool. Clearly, the recovery

aspects of thyratrons represents an area for research which

may lead to higher performance tubes.

6. Current Rate of Rise (di/dt)

Aside from the obvious circuit limitations, the di/dt capa-

bilities of thyratrons are determined, in a large measure by

the rate of plasma formation. The rate cf plasma formation
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depends on many complicated factors not well established

at this time. Breakdown phenomena have been studied for many

years and a clear model of the many processes has yet to be

established. However, several factors are established, which

assist in obtaining high di/dt operation. A large initial

ion density is desirable in high di/dt operation. This can

be achieved by employing a tetrode configuration and using

low impedance grid drives. Also, higher di/dt can be obtained 4

using a higher gas pressure [10]. Clearly, this latter con-

dition is a tradeoff with voltage standoff capabilities.

Cathode utilization may also be a factor in the di/dt

capability of thyratrons. Data derived in the mid-50's [10]

may provide a clue to better understanding of the phenomenon.

The essentials of this experiment are shown in Figs. II-5

and 11-6. A voltage pulse was applied to the anode as shown

and the current response measured in each of the three cathodes.

The leading edge of the voltage pulse and the current response

of the cathodes is shown in Fig. 11-6. (For a more detailed

description of the experiment, the reader is referred to the

literature [10].) As expected, the cathode nearest the anode

begins to emit first, followed by the others. Each current

pulse is delayed by a time required for the anode field to

penetrate through the forming plasma. Although there is a

definite saturation characteristic to the current emitted by

each cathode, this fact is more the nature of the experimental

arrangement than the cathode emission limitations. However,
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it may be inferred that under a given set of circumstances,

the peak current density emitted from the cathode is limited

and that increased current comes from the discharge spread-

ing to the other cathodes.

Cathodes are usually composed of vanes oriented normal to

the plane of the grid-anode structure. When the tube is

triggered, the discharge begins at the top of the vanes and

penetrates between vanes until an equilibrium exists between

the plasma and the emission characteristics of the cathode

[10]. The rate at which the discharge spreads over the

cathode surface together with the emission characteristics

of the cathode clearly limit the rate of current rise.

The di/dt capabilities of most commercially available

thyratrons is approximately 105 A/ps although 5 x 105 A/lis

has been reported recently [6]. It seems clear that if higher

di/dt is to be obtained, a change in tube geometry is required.

Possibly a cylindrical geometry might allow a greater cathode

surface to be utilized in the initial breakdown process.

7. Delay

Because a plasma must form to constitute switch closure,

a delay time is inherent in thyratrons. This delay is a

strong function of the initial ion density, gas pressure, and

the grid-cathode spacing. Also, to a degree, delay is de-

pendent on the magnitude of the trigger voltage and the in-

ternal impedance of the grid drive circuit. Tetrode con-

figurations can be used to increase the initial ion density
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and closer grid-..
tahode spacing would allow for a shorter

delay. However, grid-cathode spacings closer than that

for a Paschen minimum would increase the grid drive power

requirements. Delay times of 20 to 30 ns are typical among

modern thyr trons.

8. Jitter

The time variation between the trigger pulse and anode

current rise is a function of the plasma formation time. At

the time of the application of the trigger pulse, free charqes

(especially electrons) will be accelerated and collision pro-

cesses will account for the initial portion of the overall

breakdown process. Clearly, the greater the number of

initial free charges, the greater the probability of switch

closure at a specified time (delay). Thus, jitter can be

considerably reduced by using the tetrode configuration.

The extra electrode (sometimes referred to as the "keep

alive electrode") will provide a large number of initial charges.

For these devices, jitter can be limited to a few nanoseconds.

Jitter may be reduced further by using D.C. for the

filament power. This fact bears out the importance of

initial conditions on the breakdown process.

9. Life

The predominant factor limiting thyratron life is the

cathode. As indicated in Fig. II-1, various materials are

used to coat or impregnate the cathode structure so that

-- - I IIIII II l H I " II I li .. .I " .. .. j i



44

high emission is obtained. At operating temperatures from

7000C to 9000C this material is slowly evaporated. Even-

tually, the cathode will have very low emission capabilities

and the useful life of the tube is ended. The usual design

life of thyratrons is 10,000 hours of continuous operation.

However, under a given set of operating conditions, this

number can be considerably changed.

Since the cathode coating has some characteristic resis-

tance, the current pulse will cause a rise in cathode tempera-

ture. Because the rate of evaporation of the cathode coating

is a strona function of temperature, appropriate reduction of

filament power under operating conditions can dramatically

increase the life expectancy of the cathode [9].

Other factors affecting thyratron life are usually associ-

ated with operation outside manufacturer specifications. Heavy

pulse operation usually leads to excessive heating and thus

high temperature in some portion of the tube. Failure may

then occur because of electrode sputtering, etc.

10. Other Factors

An increasingly important consideration in thyratron design

is heat management considerations. Excessive dissipation in

the various tube elements can lead to premature failure or

malfunction. In order to switch high average powers, some

tubes have been operated in the so called "Adiabatic Mode"

[121. In this mode of operation, the temperature of the tube

elements is allowed to rise without the application of additional
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cooling. The filament and reservoir power may, however, be

modified to obtain satisfactory operation throughout the run.

By operating thyratrons in this mode, much higher average

powers can be switched for short periods of time

As tubes become larger, the details of dissipation

become more important. The grids of high average power and

high repetition rate thyratrons have become more massive and

some designs use "metal-ceramic" envelopes. In these devices,

the grid is attached to massive external cooling fins.

The forward voltage drop in thyratrons is approximately

100 volts and exhibits a rising characteristic during the

pulse [11]. A portion of the loss is obviously in the cathode

(see discussion on pulse current and life). The majority of

the remainder of the loss must be conducted through the anode

and grid structures. Some heat is lost through the walls

but this loss is minor. Heating of the anode and grid occurs

in very short times (microseconds) so that surface temperatures

may become very high and sputtering may occur. This area of

thyratron design bears further investigation because of the

obvious effects on switching high average power at high

repetition rates.

Another consideration important to thyratron design is

the support structure to the cathode itself. This structure

must conduct the current pulse as well as thermally isolate

the cathode so as to reduce filament power. Good thermal iso-

lation can lead to designs of high resistance and inductance

resulting in reduced tube capabilities.
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11. Summary

Hydrogen thyratrons have many advantages when all things

are considered. No other switch is yet capable of switching

the same average power (1 MW) at the same efficiency (>90%)

on a continuous basis. High di/dt and pulse repetition

rate capabilities along with reasonably long life make the

thyratron invaluable in many applications since no other

switch has its demonstrated capabilities. Even so, improve-

ments in hydrogen thyratrons are continually being made.

A significant improvement could be made if a scheme

can be found to utilize the capabilities of the cathode

better. Such an improvement could lead to higher di/dt as

well as peak current capabilities. An improvement in the

emissivity of the cathode material would also help. It has

been many years since a significant improvement has been

made in cathode capabilities [131.

The capabilities of some switches has been greatly in-

creased by the use of optical triggering techniques (laser

triggered spark gaps and SCR's). A similar technique might

be applied to a thyratron. This technique might eliminate

the effects incurred by the necessity of propagating a

plasma (delay and jitter) and greatly increase the di/dt

capability and cathode utilization of thyratrons.

Higher voltage in single gap tubes has been achieved

[7]. Present packaging techniques do not make use of this

technology. Present designs emphasize small size and high

average power more than voltage capabilities.
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B. Ignitrons

1. Introduction

The ignitron employs a mercury pool as the cathode and

is essentially an unidirectional closing switch. Often

however, the ignitron is utilized in "ringing" discharges

where it is required to conduct in the reverse direction.

This kind of operation resuits in an "arc back" and is des-

tructive to the internal components of the ignitron thereby

severely limiting its useful life.

The usual configurations of ignitrons and the component

materials used are indicated in Fig. 11-7. The distinguishing

feature of the ignitron is of course its use of mercury as a

cathode which allows this device, in principle, to be capable

of massive Coulomb transfer. The mercury vaporized during

the discharge is condensed on the walls and returned again

to the cathode pool. In pulse service, the single shot

rating of this switch exceeds that of any other commercially

available switch. It is characterized by reasonably high

standoff voltages (20 kV to 50 kV) and by a very, low forward

drop at kiloampere currents (typically from 20 to 30 volts).

In addition, this device is "triggerable" for anode voltages

down to approximately 100 volts. A plot of the standoff

voltage and peak rated current of large, commercially avail-

able ignitrons is shown in Fig. 11-8. It should be noted

that these data are derived from manufacturer's specifications
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for crowbar or ringing discharge service [1,2,3]. only

limited data are available for ignitrons operating in "square"

pulse operation.

Figure 11-9 is a plot of the rated average current

versus the peak pulse current. Most devices are rated

below 10 A average current. The usual pulse repetition

rate is specified at two pulses per minute. Thus, most

commercial, pulse Lype ignitrons are relatively low power

and are not designed for rapid, continuous pulse operation.

The available literature for this study indicates that

little or no development work has been done on ignitrons

since the early 1960's. Essentially sixteen years have

passed without any significant improvements in mercury

pool devices. Work has been done on the liquid metal plasma

valve (LMPV) which is a close relative to the ignitron.

The LMPV is sufficiently different that it warrants a separate

section and is covered elsewhere in this report. This in-

vestigation indicates that the present state-of-the-art of

classical ignitrons does not indicate the true potential

of this device (see Summary). It is clear to this investi-

gator that much remains to be done on switches utilizing

the mercury pool cathode.

Switch closure is achieved by electrically pulsing an

"ignitor" electrode (see Fig. 11-7). The ignitor electrode

material is such that it is not "wetted" by the mercury and

is mounted so that it penetrates into the mercury pool. Thus,

the electrical resistance between the ignitor and the mercury
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is significant, typically from 20 to 100 ohms at room tem-

perature. The vapor pressure of mercury is low (.0012 Torr

at room temperature) so that prior to the trigger pulse, the

tube pressure is very low. The trigger pulse is of suffic-

ient power so that mercury is vaporized and a "cathode spot"

develops at the junction of the ignitor and the mercury pool

and, subsequently, an arc forms between the cathode spot and

the top of the ignitor post [4,5]. A plasma then diffuses

into the tube volume and a glow-to-arc transition takes

place between the anode and the mercury pool cathode.

In order to achieve precision in closure time, a control

grid may be added (see Fig. 11-7). This electrode is placed

less than one mean free path from the anode (or gradient grid)

and held at zero (or negative) potential relative to the

cathode. Thus, pulsing the ignitor electrode does not "fire"

the tube, and closure is delayed until the control grid is

pulsed positive. Closure then proceeds rapidly in a thyratron-

like manner and the grid loses control over the discharge.

2. Standoff Voltage

Ideally, the voltage capabilities of ignitrons are deter-

mined only by the electrode separation (and geometry) and

mercury vapor pressure (Paschen-like breakdown). For very low

pressures, field emission or vacuum breakdown dominates.

Because the vapor pressure of mercury approximately doubles

for each 10 1K increase in temperature, it is necessary to

control the temperature of the ignitron carefully to obtain
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reliable voltage standoff. This is especially true for

repetitive pulse operation where the average temperature

is likely to rise because of internal losses.

There are several practical factors that limit the volt-

age capabilities of ignitrons. Mercury droplets that con-

dense on the anode lead to low voltage breakdown by caus-

ing a glow to arc transition [6]. In addition, mercury

may condense on the insulators leading to breakdown along the

tube walls. To prevent these modes of premature breakdown,

heat may be applied to the anode and anode seal regions to

prevent mercury condensation [7, 17].

The splash baffle (Fig. 11-7) is employed to help pre-

vent mercury ejected from the cathode spot(s) (see pulse cur-

rent section) from being sprayed directly onto the anode and

insulation elements. Although the baffle may reduce one

mode of voltage breakdown, it and the ignitor structure may

cause another, namely, field emission induced breakdown due

to electric field concentration at these structures.

Although gradient grids have been employed in pulse

tubes, they do not appear to be particularly successful in

increasing voltage standoff capabilities, but the recovery

time may be reduced [8].

Reliable standoff voltages of 75 - 80 kV have been ob-

tained and 100 kV for short periods of time in developmental

designs [9]. This was achieved by careful design and by

heating the anode to prevent mercury condensation. This
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result clearly indicates that ignitrons are capable of con-

siderably greater standoff voltage than those currently

available.

3. Pulse Current

For low repetition rates in applications where the ignitron

is not expected to standoff voltage soon after the pulse,

there appears to be no obvious limitation to the peak cur-

rent capability of the mercury cathode. However, under heavy

current operation, considerable mercury may be dispersed

throughout the tube volume so that recovery and voltage

standoff are reduced. The ultimate current limitations are

probably determined by plasma instabilities. Certain irregu-

larities (plasma instabilities) may be explained by gar star-

vation in the arc [4, 10]. Also, some irregularities are

eliminated by using an axial magnetic field [11]. In any

event, the ultimate capabilities of the mercury cathode do

not appear to have been reached.

For pulse repetition rates of a few per second and higher,

the peak current must be reduced. Because the mercury vapor

pressure will roughly double for each 10 OK temperature rise,

a compromise must be established between pulse current, pu-se

width, standoff voltage, pulse repetition rate and the ambient

environment. The ignitron is very sensitive to temperature

and, for reliable repetitive operation, the case temperature

should be closely controlled [12). If this is done, reliable

operation can be obtained.
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4. Pulse Width

The pulse width under high current conditions is limited

by the tendency of the cathode spot(s) to migrate to the con-

fining wall of the mercury pool. The velocity of the spread

of the cathode spots has been measured at up to 2 x 106 cm/sec

[41. Thus, for most tubes, the arc may reach the confining

wall within a few tens of microseconds. In the case of metal

envelope tubes, this action results in erosion of the envelope

material, outgassing, etc. so that tube performance suffers

and failure will eventually occur. The application of only

a modest axial magnetic field results in stabilization of the

cathode arc and prevents its movements to the wall(s). Thus,

the pulse width capabilities are considerably increased.

Other methods of eliminating the limitation imposed

by arc migration have been used or attempted. Insulated

mercury pools, envelopes of ceramic [13] and composite mate-

rials have been utilized. Also, refractory metals have been

employed to minimize the effects of the cathode spot ruzini-.-

at the container-mercury interface. The only commercially

available variation utilizes the composite envelope. Other-

wise, coaxial mounting is recommended.

The ultimate limitation on pulse width is, of course,

formed by the combination of pulse current and tube drop,

i.e., the tube loss. The mercury pressure will continue to

increase during the pulse until recovery is impaired and the

pulse repetition rate must be reduced.
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5. Current Rise (di/dt)

The di/dt capabilities of ignitrons are not well defined.

Clearly, the di/dt capability is determined by the plasma

formation time and its density. Ambient mercury vapor

pressure is then a determining factor. "The rate of ioni-

zation, indicated by the rate of collapse of the anode-

cathode voltage, increases as the anode-cathode spacing is

reduced" [11]. Thus, it appears that the di/dt capabilities

and standoff voltage form a trade-off in ignitrons. In

addition, the cathode spot formation time may be a limit-

ing factor. The effects of di/dt and magnetic fields on

cathode spot formation time have been studied [111. This

study shows that as di/dt is increased, the spot velocity

increases. Under the action of a transverse electric field

and high current operation, the cathode spot takes the form

of a line [4]. Also, the spot movement is opposite to the

direction predicted by Ampere's Law.

There seems to be a limitation in the current density that

any particular cathode spot may emit and the discharge remain

stable (approximately 5 x 106 A/cm 2 ). Thus, "when the cur-

rent was increased rapidly, the spots expanded as a circular

line of almost continuous emitting sites with a velocity

up to 104 cm/sec. At values of di/dt greater than 107 amp/sec,

new spots formed ahead of the old. At 109 amp/sec, this "leap-

frogging" was pronounced. The front velocity approached 105

cm/sec although the spot velocity remained approximately 104
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cm/sec" [4]*. The mechanism for this phenomenon is not

well understood. It seems clear, however, that the for-

mation of the discharge on the cathode does require some

finite time and thus forms an ultimate limitation on the

di/dt capabilities of the mercury cathode. A di/dt of

3 x 106 A/s was achieved in this study although the peak

current for this condition was not mentioned.

6. Pulse Repetition Rate

Deionization time (recovery time) and tube dissipation

are the principal factors affecting the pulse repetition

capabilities of ignitrons. The recovery time is a function

of the peak current conducted, tube temperature, the physical

dimensions, etc. as well as how the tube is operated. By

experiment it has been determined that"...the deionization

time (1) increases with increasing grid resistance, (2)

decreases with increasing bias voltage, (3) increases with

increasing pulse repetition frequency, (4) increases with

increasing cooling water temperature and (5) increases with

increasing pulse current"[12]. In addition, a small reverse

voltage is helpful in obtaining the fast recovery. It should

be noted that these results were obtained on gridded ignitrons

operating up to 800 pps. A diffusion process of some kind

(probably ambipolar) best describes the deionization mechanism.

*This quote is a summary of work done by Froome. His paper's

were not available at the time of this writing.
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For crowbar operation, the limitation on repetition

rate is primarily thermal. Manufacturers typically warrant

tubes to only a few pulses per minute. Thus, recovery time

is not so important and little work has been done on recovery

of ignitrons after conducting crowbar type currents (100's

kA in a ringing discharge). The recovery process is undoubt-

edly complicated by the presence of metal vapor generated

during reverse conduction and the likelihood of other gases

being released by the hot tube elements.

7. Delay

The time delay between trigger and switch closure is of

course determined by the plasma formation time. For simple

ignitrons, delays as low as 50 nsec have been measured [7].

This study showed that the delay was not a strong function

of anode voltage and that some tubes made by different manu-

facturers, but otherwise similar, have significantly different

responses. These tubes were intended for use in 10 kV, 30 kA

capacitors discharge service.

Control grids have been employed to control the delay

and jitter in ignitrons better [12, 13].

8. Jitter

Variations in closure time or delay are primarily caused

by the ionization level in the tube prior to the trigger

pulse. At very low mercury pressure, the jitter can be

expected to be considerably larger than at high pressure.
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For the simple tube geometry, average jitter as low as 12 ns

has been measured although a value of 50 ns would appear to

be more typical [7]. The use of a control grid helps main-

tain the jitter at approximately 10 ns [131.

9. Life

The useful life of ignitrons is a very strong function

of its application. In ringing or crowbar discharges, the

life is usually limited to a few thousand operations. In

the few cases where data were obtained for square pulses,

short duty cycle operation, many hundreds of hours of oper-

ation were obtained without failure (see Appendix II). How-

ever, the peak current for these tests was much reduced over

that typically incurred in crowbar service (10's to 100's

kA in a damped sinusoid). Also, it should be noted that in

phase controlled applications, ignitrons have functioned for

many years without failure.

The predominate failure mode is the loss of the ability

to trigger the tube due to wetting of the ignitor by the

mercury. This phenomenon is associated with metallic sput-

tering by the arc running on the tube wall-mercury pool

interface or in an arc-back condition associated with a ring-

ing discharge. The sputtered metals may contaminate the

mercury, and the ignitor becomes "wetted." The electrical

resistance between the ignitor and the mercury pool may

drop below one ohm (normally 20 to 100 ohms) and the tube

thus fails to fire.
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Another means of ignitor failure results from the

trigger circuit characteristics. Specifically, if the

trigger current reverses (normally the ignitor is driven

positive with respect to the mercury cathode) the ignitor

surface is affected in some manner (primarily by erosion)

so that it eventually becomes "wetted" by the mercury as

described before.

The life of an ignitron is strongly affected by the

operating stress in capacitor discharge applications. One

manufacturer states, "a rule-of-thumb guide is that these

tubes will provide in the order of 1000 shots when maximum

ratings are applied simultaneously. Reduction of one key

parameter, current, energy transfer, or voltage by 50% will

increase life by a factor of ten" [14].

The life capabilities of ignitrons under repetitive,

square pulse operation is not well established. Information

on testing performed under this condition is limited. How-

ever, the data available indicate that ignitrons should have

a very long life expectancy under low duty cycle, square

pulse operation if care is taken to prevent excessive volt-

age reversals, etc. For instance, an ignitron has performed

satisfactorily for 600 hours at 35 kV, 8 kA, 3 ps in a line

modulator operating at 60 pps [12] and another ran for 350

hours at 35 kV, 1.1 kA, 2.45 ps operating at 360 pps [19].

10. Other Factors

The performance of ignitrons is subject to several other

factors. Obviously, the tube is sensitive to orientation



63

because of the mercury pool. In addition, acoustic waves

on the surface of the mercury are likely to affect the delay

and jitter of the switch. The surface waves may be induced by

mechanical vibrations of the tube mounting or possibly by

the discharge itself so that anomalous behavior may occur as

the pulse repetition rate is varied.

Under pulse repetition rates above a few per second, the

case temperature control becomes critical. The advantage of

low standby power is apparently lost. Short bursts at high

power can still be obtained. For instance, pulse operation

at 20 kV, 2 kA, 20 ps at 250 pps has been obtained for bursts

of several seconds [15]. However, for continuous operation,

the case temperature must be controlled to fairly close tol-

lerances [8, 12]. This control is necessary to maintain the

proper mercury vapor pressure as determined by the particu-

lar set of operating conditions required.

11. Summary

The potential of the mercury pool cathode has not been

fully realized [18]. The apparent capability of conducting

massive amounts of Coulombs without damage has resulted in

many attempts to develop "super-swZtches." For example,

the objective of one development program was a switch capable

of conducting 30 MA with a rise time of 2 1/2 v's [7]. A

19-inch diameter, low profile ignitron was constructed and

partially tested. This tube subsequently conducted a current
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of 22 kA. Delay and jitter were measured at .25 ps and 4 ns

respectively. A switch inductance of 17 nh was also measured.

Unfortunately, some practical difficulties were encountered

and apparently no further work was done. Another switch,

combining some of the characteristics of a thyratron and a

mercury pool cathode, is described elsewhere in this report.

The ignitron seems to be best suited for pulse applica-

tions at low repetition rates. Although relative high rep-rates

are possible (_1 kpps) the operational sensitivities of the

ignitron exceed those of thyratrons. The cost savings possible

may warrant further investigation of high rep-rate ignitrons

but a truly high power, high rep-rate ignitron is not likely

because of the characteristics of the mercury vapor and the

practical difficulties associated with the control of the tube

pressure.

As a matter of conjecture, it should be possible to build

an ignitron capable of switching voltages on the order of 100

kV, 100's of kA at several pulses per second. Reasonable delay

and low jitter have been demonstrated as well as peak current.

The way to high voltage and high power may have been demon-

strated by the use of a ceramic envelope [16]. A gradient

grid version of this tube switched 60 kA at 50 kV several times

but eventually failed due to wall tracking. The investigator

suggests that a metal shield would prevent this problem but no

further work was done.
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The ceramic tube had another interesting feature. The

usual ignitor was eliminated and the tube was dielectrically

triggered by a trigger electrode surrounding the mercury pool.

This scheme worked but no further information on trigger char-

acteristics is available. A scheme of this sort eliminates the

prominent ignitor structure (important for high voltage) and

eliminates Lhe failure mode most characteristic of present

ignitrons, wetting of the ignitor.
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C. A Thyratron-Ignitron Hybrid Switch

1. Description

An interesting switch concept is formed by the combina-

tion of the thyratron and the mercury pool ignitron. A

device has been constructed and tested to illustrate this

concept [1].

Basically the device is similar in design to thyratrons

and is filled with a low pressure gas, but this device has

a mercury pool for a cathode rather than the standard hot

cathode typical of thyratrons. Thus, the switch is a "closing"

switch and triggering is achieved with a control grid.

Several gases were tried in this device. However,

hydrogen (or deterium) is the primary one because the gas

pressure could be controlled with a standard reservoir. A

baffle helped prevent mercury vapor jets from contaminating

the grid structure. Also, anode heating similar to that used

in ignitron operation was employed to help prevent breakdown

around the a.ode seal and to help prevent Hg condensation on

the anode structure. Cathode cooling was also employed. In

fact, satisfactory operation was obtained with a frozen cathode.

The major difficulty described is the tendency of the

tube under high current, long pulse operation to form a

cathode-to-grid arc and a grid-to-anode arc resulting in grid

erosion. It is likely that the grid aperture was insuffic-

ient to prevent this type of failure (see section on hydrogen

thyratrons).
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The voltage standoff capabilities of this device are

not clearly stated although 40 kV is mentioned with 5 mm

grid-anode spacing and .4 torr deuterium or .3 torr hydrogen

pressure. As in standard thyratrons, the grid-anode spacing

and gas pressure determine the hold-off capability.

In operation in a half sine wave discharge, this tube

has conducted a peak current of 50 kA with a pulse duration

of about 1 msec. It is mentioned that this device has a

higher di/dt capability than other mercury pool devices

but no numbers are stated. The delay time is a function of

the trigger voltage and a mean value of 80 ns is stated for

a H2 pressure of .26 torr. No information is stated in re-

gard to jitter. The repetition rate capability of the device

was apparently not tested. Thus, the recovery time was not

investigated.

The true potential of this device has not been established.

Its apparent advantages would be high peak current capabilities

typical of mercury devices and a high di/dt capability, low

jitter and delay typical of hydrogen thyratrons, especially

if a "keep alive" electrode were employed. No ignitor is

employed so some reduction of failure modes is possible com-

pared to ignitrons. It is not likely that this device will

perform well at high repetition rates because of the long

recovery time associated with the mercury vapor.

2. References

[1] B. 0. Baker and K. G. Cook, "A High Power Gas Discharge
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Thyratrons and Modulators, May 1962.
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D. Liquid Metal Plasma Valve

1. Introduction

The Liquid Metal Plasma Valve (LMPV) is very much like

the ignitron. It is essentially a undirectional closing

switch and uses a mercury cathode with an ignitor to

establish switch closure. The primary feature of the LMPV

that distinguishes it from the classical ignitron is the

structure and operation of its mercury cathode [1]. The

usual temperature of operation is room temperature or lower

so that the mercury vapor pressure is low (< 3 x 10- 3 Torr)

and the LMPV thus qualifies as a vacuum switch.

The structural features of the LMPV are shown in Fig.

II-10. Instead of a mercury pool, the LMPV uses a cathode

structure of annular cross section. Mercury is fed into the

channel shown in Fig. II-10. The mercury wets the cathode

structure material, molybdenum, and the combination of thl

cathode shape and the mercury wetted surface leads to the

unique operation of the LMPV.

During conduction, considerable mercury is evaporated

from a pool cathode, much more than is required to sustain

the arc. 1n the LMPV, much less mercury is evaporated and

the vapor pressure in the tube is much lower after conduction

than would be the case in a conventional ignitron (1,2].

Thus, the recovery time is reduced over what might normally be

expected in a mercury pool device. (Apparently, the LMPV was
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originally intended for applications requiring fast recovery

at low repetitioi rates.)

The small free surface of the mercury and its intimate

contact with the molybdenum structure results in rapid heat

transferal from the arc spots. Thus, the mercury temperature

in the vicinity of an arc spot is lower than for a pool

cathode. Clearly, the combination of a small mercury surface

and rapid heat removal by the cathode structure results in

reduced mercury evaporation. In addition, the shape of the

cathode more or less directs the vapor jets from the arc spot

toward the anode. Thus, the design of the LMPV cathode re-

sults in a high electron to atom ejection ratio during the

discharge.

A major feature of the LMPV cathode is its greatly in-

creased ability to anchor the cathode spots so that the proba-

bility of spot migration to the tube walls is much reduced.

Also, because of the surface tension of the mercury and the

small dimensions of the feed channel, the cathode is insensitive

to orientation. The mercury sump is, of course, sensitive to

orientation, but the flexibility of design is greatly in-

creased over conventional ignitrons.

The LMPV has operated successfully as an "opening" switch.

In this mode, the arc is "forced commutated" by external cir-

cuits so that a current zero is established within the tube.

LMPVs have interrupted 40 kA to 30 kV on a single shot basis

and 21 kA to 20 kV at .003Hz [2]. These tubes were employed in

inductive energy storage systems.
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As a closing switch in a PFN application, a LMPV has

achieved the performance parameters indicated in Table I [51.

The particular tube failed during the test so that no real

life data were obtained. The failure was due to a crack in

the anode, apparently due to excessive heat dissipation.

The LMPV is a relatively new device and does not have

an extensive history of operation. The factors that affect

its performance as a switch are discussed below.

2. Voltage Standoff

Because of the low operating pressure, the LMPV is essen-

tially a vacuum device and the voltage limitation is deter-

mined by field emission or vacuum breakdown. Thus, the

electrode materials and surface conditions determine the

voltage capabilities of the LMPV [1]. One LMPV has been im-

pulse tested to 450 kV and operated dynamically to over 270

kV [2]. Clearly the LMPV can be made to operate at very

high voltages.

3. Pulse Current

The peak current capability of the LMPV would seem to

be similar to that of the ignitron. However, "For the proper

functioning of the LMPV at all current levels, it is necessary

that the (cathode) spots remain anchored" [1]. Thus, the

current limitations are based on the character of the cathode

spots and the ability of the cathode design to maintain the

3tability of the discharge. The intimate contact of the mercury
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Table I (Reference 5)

Navy I Navy II Air Force

Peak Voltage kV 100 1501 53

Peak Current kA 8.0 2.92 3.8

Average Current A 4.51 4.51 7.55

Pulse Length Ps 50 50 20

Repetition Rate pps 131 361 1006

Average Power MW .261 .381 .27

Run Time Min 1 .253 1

Recharge Time8  ms 11 44 4

Notes:

1. Power supply limitation

2. PFN breakdown limiation

3. Charging resistor overheating

4. Using 7 ohm PFN; LMPV failed before getting to 3.5 ohm test

5. LMPV misfiring at higher repetition rate

6. Ran at 250 pps, but at 15 kV

7. LMPV limitation

8. To 90% of anode voltage
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with the molybdenum structure and the small free surface

combine to help anchor the cathode spots. Considerably

higher current densities have been obtained from anchored

cathode spots in the LMPV (700 to 750 A/cm 2 ) than in mercury

pool devices (40 to 50 A/cm 2 ) [1]. However, the largest

peak current quoted is 40 kA [1] and the available liter-

ature does not discuss the design factors and tradeoffs re-

quired to maintain stability of the cathode spots at high

peak currents.

4. Pulse Width

The factors affecting the duration of conduction in the

LMPV are not clear, except of course, for the obvious tem-

perature limitations due to conduction losses. The rela-

tionship between the ability of the LMPV cathode to anchor

the cathode spots and the pulse time are not discussed in

the available literature. However, the pulse width

capabilities at low pulse repetition rates is consider-

able. One LMPV, operating as an "opening" switch in an

inductive energy storage application, has conducted a peak

current of 21 kA with a conduction time of 1 sec. [3].

5. Repetition Rate

The rep-rate capability of the LMPV is determined essen-

tially by recovery time and heat generated due to losses (see

di/dt section). The recovery time is a function of the plasma

density, temperature and tube geometry. Because the LMPV is
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essentially a vacuum device, recovery is relatively rapid.

In "opening" switch operation, a LMPV has withstood a re-

application of voltage at the rate of 3 kV/ps after a cur-

rent zero [4]. Another LMPV has operated up to 250 pps [5].

6. Current Rate of Rise (di/dt)

The di/dt capability of the LMPV is limited by the

plasma formation time. The vapor required for plasma forma-

tion must come from the cathode. The initial vapor is gen-

erated by the ignitor pulse. The ionization of this vapor,

the formation of cathode spots and the subsequent increase

in vapor pressure combine to form the di/dt limitations of

the LMPV. Tests on the LMPV indicate that the initial turn-

on is a time consuming process. In these tests [5] the fall

in anode voltage (roughly corresponding to the rise in anode

current) was variously measured at 3 to 5 ps although an

anode fall of .5 psec. is quoted elsewhere [6]. This long

anode fall time leads to considerable anode heating. (The

test LMPV failed due to a crack in the anode.) Increasing

the ignitor power decreased the fall time somewhat but the

fall time was still long compared to that of usual "closing"

switches.

7. Delay

The time lapse between the beginning of the ignitor pulse

and the rise in anode current in the LMPV is characteristic

of vacuum devices. Since the vapor necessary to establish

an arc must propagate from the cathode to the anode and a

plasma must then form, a long delay can be expected.
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8. Jitter

The statistical nature of the turn-on mechanism of the

LMPV is evident from the previous discussion. The establish-

ment of the initial vapor density and ionization (ignitor

pulse) and the establishment of the arc itself lead to a

considerable randomness in the beginning of conduction in

the LMPV. Tests have measured jitter at approximately 4 ps

[3).

9. Life

The failure mechanisms of the LMPV are not well established

and no extensive life data exist. It should be kept in mind

that the LMPV is a relatively new device and failures can be

expected in developmental models.

Available life data indicate that the LMPV operating as

an "opening" switch has performed 4,000 operations inter-

rupting about 15 kA against about 10 kV [4]. As a converter

operating at power frequency, the LMPV apparently has ob-

tained more than 108 closures without failure. Operation

as a "closing" switch in short pulse operation has been

disappointing.

10. Other

The temperature of the LMPV is closely controlled in

order to establish the proper ambient pressure in the tube.

Thus, a cooling system is required as auxillary equipment.

In addition, a pump is required to maintain the mercury

level in the cathode aperture.
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11. Summary

The LMPV has demonstrated a high voltage capability.

This ability is achieved by using very low tube pressure

so that the character of the LMPV is similar to vacuum

devices. Relatively long delay and jitter can be expected

but the recovery time tili be correspondingly short.

Many of the objectional features of the LMPV, long

delay, jitter and anode fall time can be improved by in-

creasing the tube pressure. Of course, this results in

lower standoff voltage and longer recovery time. However,

increased pressure might allow expanded use of the LMPV in

short pulse service.

The unique design of the cathode in the LMPV allows

conduction of long pulses without migration of the cathode

spots. This design possibly points the direction toward

fuller exploitation of the mercury cathode.



79

12. References

[1] W. Eckhardt and G. Hofmann, "A 10-kA, 30-kV Liquid-
Metal Plasma Valve Switch for Inductive Energy Storage,"
Proc. 6th Symp. on Engineering Problems of Fusion
Research, IEEE Pub. No. 75 CH 1097-5-NPS, 656, 1975.

[2] W. Eckhardt and G. Hofmann, "Ohmic Heating DC Circuit
Breakers with Liquid-Metal Plasma Valves," Proc. 9th
Symp. on Fusion Technology; Pergamon Press, 1976.

[3] Personal Communication with A. F. Dickerson, Hughes
Research Laboratories, Malibu, Calif.

[4] W. Eckhardt, G. Hofmann, E. Bernhardt, R. Kunze and
D. Dorst, "LMPV Circuit Breakers: Operation of a
15-kA Unit with Wendelstein VII A, and Laboratory Tests
of the Next Breaker Generation," Proc. 7th Symp. on
Engineering Problems of Fusion Research, Oct. 1977.

[5] W. Wright, J. Creedon and J. Bayless, ERAD COM Test
Report, ERAD COM, Jan. 1978.

[6] J. R. Bayless and J. P. Heckl, "The Liquid Metal Plasma
Valve Closing Switch," Proc. Ist IEEE Int. Pulsed Power
Conf. Lubbock, Texas, Nov. 1976.



80

E. Crossed Field Tubes

1. Introduction

Magnetic fields can be employed to expand the capabil-

ities of low pressure, gas discharge devices. Crossed field

tubes operate to the left of the Paschen minimum breakdown

region and at sufficiently low pressure (_ .03 Torr) that

field emission or vacuum breakdown phenomena limit the stand-

off voltage. At operating pressure, the electrode spacing

is less than one mcan free path and a glow discharge cannot

be sustained unassisted. The application of a magnetic

field, normal to the electric field, will result in a spiral

path for charges within the fields and the opportunity for

collisions and thus the possibility for cumulative ioniza-

tion to occur is greatly enhanced. Thus, a glow discharge

can be established and maintained so that switch closure is

achieved. Removal of the magnetic field will result in

deionization of the conducting plasma. Thus, the crossed

field tube can be made to open as well as close.

In some versions of crossed field tubes, an arc is

allowed to form so that spark gap operation is achieved.

The advantage of this device over ordinary vacuum spark

gaps is its simpler trigger requirements and the opportunity

to control delay and jitter more adequately.

The usual configurations of crossed field tubes and

a materials summary are shown in Fig. II-11. The cylindrical

geometry allows easy application of the magnetic field.

The current path shown prevents the magnetic fields gener-
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Figure II-ll. Crossed Field Switch Configuration.
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ated by the switch current from interfering with the discharge.

A grid may be added to "trigger" the tube more precisely while

conduction interruption can still be accomplished by removal

of the magnetic field.

The usual gas in modern crossed field tubes is helium.

Other gases have been tried [1,2] but He gives the best

overall performance.

Crossed field tubes are relatively new devices and do

not have a long operation history. Most of the devices tested

to date are experimental or prototype tubes. Standoff volt-

ages on the order of 100 kV have been achieved and currents

up to 10 kA have been interrupted [1]. For glow mode oper-

ation, the forward voltage drop is approximately 500 volts.

As a closing switch (arc mode), repetitive operation at 40

kA, 40 kV has been achieved [3]. The Artatron [2], apparently

in the arc mode, has conducted 200 kA for a total charge trans-

fer of 60 Coulombs The standoff voltage for this device was

70 kV.

The conditions necessary to establish a glow discharge

in a crossed field tube lead to design constraints that

determine the switching capabilities. The combination of

applied voltage, magnetic field and tube pressure combine

to limit the capabilities of crossed field tubes, especially

for tubes intended for "opening" applications. A crossed

field discharge cannot be maintained at low voltage for pres-

sures below approximately .01 Torr [4]. This, coupled with
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the electrode spacing, combine to limit the design choices

(recall that operation is to the left of the minimum in

the Paschen curve). Thus, vacuum breakdown considerations

and pressure limitations combine to limit the tube dimensions.

For a given design and tube pressure, the magnetic field

must be above a certain minimum to maintain the discharge.

Clearly, too weak a field will not allow sufficient col-

lisions to maintain the discharge. For an excellent review

of the conditions affecting the design parameters of a crossed

field tube, the reader is referred to Reference 4.

The peculiar combination of a discharge voltage and mag-

netic field required to sustain (not cause) a discharge,

allow the use of a grid to control the initiation of the

conduction [5]. The best configuration for a grid device

is the grounded grid configuration. The main pulse is then

conducted between the anode and grid. The sequence of

events to achieve switch closure is easily summarized.

First, a magnetic field insufficient to cause breakdown

between grid and anode is applied. However, the field

strength is sufficient to maintain a discharge in the grid-

anode region if one were somehow established. The grid-cathode

region region allows this possibility. Conditions in the :ri -

cathode region are such that a discharge can be establjshe .

there by the application of a modest voltage pulse (a;i.,

1 kV). The carriers generated in this dischartew



84

the grid into the grid-anode region in sufficient number to

result in the establishment of a stable glow and thus switch

closure. The switch can now be "opened" by the removal of

the magnetic field.

Those factors affecting crossed field tubes as switches

are summarized below.

2. Voltage Standoff

The maximum voltage capabilities of crossed field tubes

are limited by the peculiar requirements for the discharge.

Gas pressure restrictions, Paschen and vacuum breakdown

combine to limit the voltage capabilities (see introduction).

The maximum useful holdoff voltage is approximately 150 kV

for a single gap tube using helium (4]. For tubes intended

to operate in the arc mode, the voltage standoff capabilities

may be somewhat less than those tubes intended for glow oper-

ation. Since the goal is to establish an arc, the surface

of the electrodes need not be highly conditioned as required

for the glow mode.

3. Pulse Current

In the glow mode, the maximum current density is limited

in part by the glow-to-arc transition phenomena. At high cur-

rent densities, the probability of establishing an arc is

great and the surface condition of the electrodes is extremely

important if arcs are to be prevented. A value of 10 A/cm2

seems to be a reasonable upper bound at this time.
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The peak power dissipation is also a limiting factor on

the allowable current density, especially when the tube is

interrupting or turning "off" [1]. High peak power may

cause an arc or the evolution of gases which eventually

lead to Paschen breakdown. Also, the electrodes may be

damaged so that the tube can no longer stand off rated

voltage. For arc operation, the peak current i's limited by

life considerations and electrode damage tolerances.

4. Pulse Width

Several factors affect the pulse width capabilities

of crossed field tubes. Aside from thermal considerations,

transient gas cleanup problems may become important. Under

high current operation, the gas density falls and pressure

differences may develop to a point that a glow-to-arc

transistion occurs or the tube interrupts due to too low a

gas pressure (4]. This limitation can be relieved to some

extent by having a perforated anode so that its interior

acts as a gas reservoir. For pulses exceeding one milli-

second, a current density of approximately .3 A/cm2 or

higher is required to utilize the gas in the anode reservoir

effectively [4].

5. Repetition Rate

The primary limitation on pulse repetition rate for

crossed field tubes is thermal considerations. The glow mode

switches must simultaneously handle high voltage and current

so that considerable dissipation is incurred in turning "ON"

__ l l
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and "OFF." To turn "OFF," the conducting plasma must deionize.

The rate of deionization is such that a 2 kV/ps rise in the

tube voltage is typical.

For arc mode operation, the recovery time is similar to

that of a vacuum spark gap. A tube of this type has been

operated satisfactorily at 526 pps at 22 kV, 5.5 kA [3].

6. Current Rate of Rise (di/dt)

The allowable di/dt in crossed field tubes (glow mode)

is determined by the likelihood of arc formation. The peak

power dissipated during turn-on may lead to an arc so that

the maximum rate of rise is a function of the allowable cur-

rent density and thus, tube size. Also, once the tube is

"ON," the current must not rise too rapidly or the discharge

may extinguish [4]. This occurs because of plasma formation

time (more plasma is needed) and the character of the crossed

field discharge. If the current rises faster than the rate

at which plasma can form, the tube voltage will rise and the

cathode electrons may strike the anode without having had

enough collisions to maintain the discharge. Thus, the tube

interrupts. A stronger magnetic field will help alleviate

this limitation.

The di/dt of arc mode switches is limited by the plasma

formation time, similar to vacuum gaps.

7. Delay

The delay between the time at which the minimum critical

magnetic field is established and the rise in anode current is
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a function of the plasma formation time (4]. If a source

of initial charges is present, sufficient time must lapse

for collisions to occur in sufficient number so that an

avalanche occurs. Typically a low power DC discharge is

maintained in the tube as a "keep alive" source of free

charges. Because of the low pressure, the mean free paths

are long and the delay may be as long as approximately 1

ps [3].

8. Jitter

Jitter is a strong function of the initial charges

available [4] as well as the peak magnetic field, anode

voltage and gas pressure [3]. Jitter as low as 10 ns can be

achieved for closing (arc) switches [3].

9. Life

Extensive life data are not available on crossed field

tubes. Gas clean-up is likely to be the long term limita-

tion [4]. Although helium is essentially inert, it is,

none-the-less, slowly trapped by various mechanisms. The

primary cause of gas clean-up is cathode sputtering due to

ion bombardment. This results in the loss of gas and event-

ually the tube will not trigger. In addition, the sputtered

material may eventually cause a lowering in the ability of

the tube to hold off rated voltage. The conditions are far

more severe in the arc mode switches where electrode damage

due to erosion is an additional factor limiting tube life.
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The use of hydrogen as a fill gas would allow the

use of a hydride reservoir to control gas pressure over

the long term. The Artatron utilized such a scheme. The

article describing this device [2] is somewhat vague about

the mode of operation of the device (arc of glow?) but

6000 hours of life as a low current (3 A) rectifier is

quoted. No other life data are available.

10. Other

Crossed field discharges can be maintained up to approxi-

mately 10 A/cm 2 with a reasonable probability of stability

(no arc formation) [4]. For kiloampere discharges, glow

mode tubes are obviously large.

It is interesting to note that crossed field tubes are

not sensitive to voltage polarity. In principal, this

device would conduct in either direction and, in the glow

mode, would have an interrupt capability regardless of the

polarity. This ability would allow the application of crossed

field tubes in ringing application with a controlability not

commonly encountered in high power switch devices.

11. Summary and Conclusions

Crossed field switches offer many advantages where a

hard tube pulser application is required. Its ability to

establish and maintain a glow discharge with a low magnetic

field makes control simple and the forward drop is only a

few hundred volts as opposed to a few kilovolts for vacuum

LM
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tubes. Although forward conduction losses are comparatively low,

losses at the leading and trailing edge of the pulse are com-

paratively high. However, crossed field tubes offer a viable

alternative to vacuum tube switches and have the advantage

of low auxiliary power requirements, simple drive arrange-

ments and a higher current capability (10 kA as opposed to

2 kA). Also, the tube can conduct in either direction making

it a candidate for use in ringing applications.

As a closing switch (arc mode) the tube has demonstrated

considerable capabilities. The advantage over normal vacuum

spark gaps is lower jitter and simpler trigger requirements.

However, the maximum voltage is limited to approximately

150 kV so that the range of application is somewhat limited.
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F. Vacuum Tubes

1. Introduction

The classical vacuum tube uses a thermonic cathode as

an electron source and a control grid to establish control

over the electron flow from cathode to anode. The control

mechanism is essentially the same whether the tube is con-

ducting or not. Thus, in pulse applications, the classical

vacuum tube qualifies as a true "opening" switch. It will

interrupt or "open" with approximately the same speed that

it closes. (Circuit configuration is usually the determin-

ing factor.) The vacuum tube has led to a class of pulse

generators known as hard tube modulators. Few other switch-

ing concepts allow as much flexibility of pulser design.

The primary limitation is one of size and auxiliary power re-

quirements and peak current capabilities.

A vacuum tube is represented schematically as shown

in Fig. 11-12. Typical materials used in the construction

are as indicated. The vacuum tube has had a long develop-

ment history and its governing principles and limitations

are well understood. In fact, the understanding of vacuum

tube design probably exceeds that of any other switch.

Of the commercially available types, standoff voltages

are limited to 100-200 kV and pulse currents to a few kilo-

amperes. Much higher voltages have been demonstrated in

individual cases. A graph of standoff voltage versus peak

current as determined fiom the available manufacturers data



91

MOLYBDENUM
COPPER

. GRIDS TUNGSTEN
-J MOLYBDENUM

TUNGSTEN
THORIATED TUNGSTEN
OXIDE COATED

Figure 11-12. Vacuum Tube Schematic.
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sheets is shown in Fig. 11-13. Also indicated in Fig. 11-13

are a few of the more interesting tubes reported in the liter-

ature. The commercial ratings are determined by the manu-

facturers and are based on manufacturing tolerances, expected

user tolerances, etc. so as to achieve a specified life ex-

pectancy. According to Dr. H. D. Doolittle, in connection

with oxide cathode tubes, "...whereas any individual tube

may operate satisfactorily under conditions considerably

beyond the published limits, one cannot be sure that any

tube bearing the same type number will do likewise" [1].

The present state-of-the-art in vacuum tube design seems

to be more a function of commercial requirements (markets)

rather than technological limitations.

For instance, the cathode is probably the single most

important feature which limits the capabilities of vacuum

tubes as switches. Thoriated tungsten with a carbide coating

is by far the most popular cathode material. This material

can emit up to 60 mA per cathode watt of heater power and

2peak current densities of 3 A/cm can be achieved with a

life expectancy of approximately 104 hours. Higher emis-

sion will result in reduced life [1]. Thus, tubes capable

of high peak currents are large in part because of cathode

limitations. Of course, high voltage considerations place

additional requirements on tube size (see standoff voltage

section).
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Increased emission is possible by using rare earth

oxides as cathode coatings (200 mA per cathode watt filament

power). However, this material has a considerably reduced

life compared to thoriated tungsten. Evaporation of the

oxide coating and its extreme sensitivity to ion bombardment

are the major factors. Also, because of heating of the oxide

layer under pulsed conditions, the pulse width strongly

affects the cathode temperature and thus the tube life.

Because of life limitations, oxide coated cathodes have

not found the application one might expect and are presentl

limited to applications requiring peak currents of only a

few hundred amperes.

The theoretical considerations for vacuum tube design

have been well established. For general tube theory, the

reader is referred to reference 2 and for vacuum tubes

operated as switches, references 1 and 3 are excellent.

In addition to the cathode, the grids and anode affect

the vacuum tube's performance as a switch. Their effects

are included in the description of the switch parameters.

2. Standoff Voltage

The essential feature limiting standoff voltage is

vacuum breakdown induced by field emission and/or ion

bombardment [1, 4, 5]. The ions are, of course, due to

residual gases in the tube. The electrodes most concerned

with voltage standoff are the anode and the grid nearest

the anode (control grid in triodes and screen grid in tetrodes).
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For the usual "birdcage" geometry, breakdown is more likely

to originate on the grid rather than the anode because of

higher field stress and the structure of the grid (fine

wires). Thus, anode-to-grid spacing and surface conditions

are the primary factors determining standoff voltage.

It should be noted that the anode-grid spacing is not

an arbitrary design factor [i]. Other factors such as tube

efficiency and amplification factor form tradeoffs with high

voltag! capability.

Some field emission is usually present in high voltage

tubes. Thus, these tubes are impossible to "cut off" com-

pletely and x-rays may be present. The control grid cannot

affect this condition.

The voltages between the other grids or the control

grid and cathode are usually not critical. These voltages

are determined by parameters such as required emission, cut-

off, etc. and are usually too low to cause breakdown.

Problems with envelopes, seals, etc. are not major

limitations in that they can usually be avoided by good

engineering practices.

3. Pulse Current

The peak cathode current is obviously a function of the

cathode material, temperature, cathode area, etc. In most

pulsed applications the anode current is the current of

interest rather than the cathode current. The current

emitted by the cathode is not, in general, equal to the anode
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current. To achieve maximum emission from the cathode, the

control grid is usually required to be driven positive.

Thus, a portion of the emitted current will be intercepted

by the control grid. The screen grid (tetrodes) will also

intercept a portion of the cathode current. The grids in

high gain tubes will, in general, intercept a greater por-

tion of the cathode current than low gain tubes. Thus, the

efficiency will be lower for high amplification factors.

Also, under the "on" condition or low plate voltages, the

relative potential of the grids and plate will be greatly

reduced and thus excessive grid current is not only pos-

sible but likely. In fact, it is possible to calculate

from geometry, etc. the maximum plate current possible

under any given set of circumstances [2]. Thus, for

practical reasons, the "on" voltage is limited to a value

of approximately 1.5 times the control grid voltage for

triodes or 1.5 times the screen voltage for tetrodes.

4. Pulse Width

Grid heating is usually the limiting factor on pulse

width for vacuum tubes hav-ng tungsten or thoriated tungsten

cathodes [1]. Because the grid(s) intercepts a portion of

the cathode current, heating occurs and a sufficiently high

temperature may be reached to achieve thermonic emission

from the grids. This condition is undesirable as control

of the tube becomes difficult and an arc may occur when the
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tube is switched "off." Thermal capacity and conductivity

of the grid material, grid currer' and emissivity combine

to determine the critical grid temperature and thus, the

"safe" pulse width. Of course the pulse width can be

increased by actively cooling the grid, which is being

done for some new tube designs.

Oxide cathodes may impose an additional limitation

on the pulse width. The oxide coating sublimates at

operating temperatures (see life section on hydrogen

thyratrons) and the grids may become coated with the oxide

material. This would sharply reduce the pulse width capa-

bilities as grid emission would begin at a much lower tem-

perature. In addition, the oxide coating is heated by the

emitted current so that the coating temperature increases

during the pulse. Increased evaporation of the oxide

layer occurs and for high current, long pulse operation

the tube life suffers and a point may be reached where an

arc may be formed.

By using grid water-cooling and beam forming techniques,

some new tubes have extended their pulse width capabilities

to several seconds or more [6, 7, 81.

5. Pulse Repetition Rate

The pulse repetition rate is a strong function of the

grid power a designer is willing to expend. The inter-

electrode capacitance must be charged and discharged to

turn the tube "on" and "off." Also, for high pulse currents,
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the control grid is driven positive (see section on pulse

current) and additional power is expended. It is conceiv-

able to arrive at a condition where the power required

to drive a tube "on" and "off" exceeds the power being

switched. Thus, the limitation on pulse repetition rate

is imposed by practical considerations rather than theo-

retical considerations.

A finite time is required for the electrons to move

from the space charge region to the anode (transit time).

Thus, it is possible, at least in principle, to drive the

grid on and off so fast that no switching action occurs

at the anode.

6. Current Rate of Rise (di/dt)

The di/dt capabilities of a vacuum tube are a function

of grid drive characteristics and power and the inductance

and capacitance associated with the tube elements (for an

explanation of these effects, see chapter 16, reference 2).

In addition the cathode must not become saturated in order

to supply the peak current required to charge the stray

capacitances [3]. If the cathode becomes emission limited

in this process, the rate of anode current rise will suffer.

If one postulates that no circuit or cathode limitations

exist, then the di/dt capability would be determined by

the initial velocity distribution of the electrons in the

grid-cathode region. Thus, practical considerations limit

the di/dt capabilities of vacuum tubes.
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7. Delay

The delay in anode switching action is a function of

the capacitance and inductance of the overall circuit

(essentially transmission line effects) and the electron

transit time.

8. Jitter

Jitter is usually very small in vacuum tubes. The use

of A.C. power for filament heating may result in some jitter

due to temperature modulation effects.

9. Life

The usual failure mechanism of vacuum tubes is the loss

of emission from the cathode. The life expectancy of tubes

using thoriated tungsten cathodes is approximately 10
4

hours and for oxide cathodes approximately 3 x 103 hours

[i]. The loss mechanism is essentially the same in both

cases, namely, the evaporation of the carbide or oxide

coating. The rate of evaporation is a function of cathode

temperature and, in the case of oxide cathodes, the peak

current and pulse width.

10. Other

The thermal and mechanical properties of materials

utilized in vacuum tubes are extremely important. At

high temperatures, expansion of various structures may

cause severe distortion of the electrode spacings so that

it becomes difficult to maintain uniformity. Failure or r.t-

duced life is a likely result.
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As tubes are made larger, the probability of parasitic

oscillations increases [8]. These oscillations may occur

internally to the tube envelope as a result of favorable

geometries (inductance of grid supports, spacings etc.). The

net effect of parasitic oscillations is they tend to use up

the available emission from the cathode and little is left

for switching action at the anode.

11. Summary

The size of vacuum tubes using thoriated tungsten cathodes

is approaching a practical limit. Thermal distortion of tube

elements and parasitic oscillations combine to make large tubes

difficult to design. New materials (such as the pyrolytic

graphite grids developed in Europe) as well as modular cathodes

[7, 8] may help reduce the thermal problems. Careful lay-out

could help control parasitic oscillations but this promises

to be a difficult process because of the likelihood of small

changes in geometry as the tube ages. All things considered,

a new cathode development would appear to offer the shortest

path to higher performance in vacuum tubes.

The oxide cathode is known to offer several advantages

in this regard [1,3]. Little work appears to have been con-

ducted on oxide cathodes since the mid 60's. Advances in

supporting technologies (materials, breakdown supression,

high vacuum techniques, etc.) make the use of oxide cathodes

a logical next step in the advancement of vacuum tube switches.
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The use of a field emission cathode has been successfully

tried (see next section) and also remains a strong possibility

for further tube development.
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G. Cold Cathode Vacuum Tube

High power vacuum tubes that utilize field emission cathodes

have been investigated [1]. The intended application was as a

switching radar pulser.

Very high current densities can be obtained from field

emission cathodes (>100A/cm 2). In these experiments, cathodes

consisting of several hundred tungsten needles were atilized.

Because of the small cathode size, tubes can be designed

which have very small drive requirements. The interelec-

trode capacitance is also very small compared to classical

designs. The geometry of the models resulted in a "beam

forming" device so that very little current was intercepted

by the grid.

The practical limitations of this device are not clearly

defined although it may be surmised that the "art of con-

struction" rather than theoretical considerations will be

the most important factor. Apparently, extreme vacuums

(<1 0 10torr) are required and it is likely, in the larger

sizes, that the sensitivity to geometric tolerances will

become great.

The voltage standoff of this device is, obviously, field

emission limited (vacuum breakdown) and 75 kV was obtained in

one of the test devices. The total leakage current in the

"off" condition for this tube was 3 Ua.

The peak current obtained was 15 A for the 75 kV tube

although one test device obtained a peak current of 26 A.
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For the 75 kV, 15 A case, a 10 kV tube drop was sustained.

No other information is described pertaining to switch para-

meters.

The primary advantages of a field emission tube would

be no heater power requirements, no warm-up time, and low

power drive requirements. It should be mentioned that part

of the rationale for the investigation [1] was that commercial

flash x-ray machines produce 1000 A pulses with current dens-

2ities above 1000 A/cm

The future possibilities of this concept are not clear.

No scaling information has been found so that a meaningful

technical assessment can be made.
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A. Thyristors

1. Thyristor Properties

A thyristor, generally speaking, is a semiconductor closing

switch whose switching action depends on regenerative feedback.

It is a four-layer, three-terminal device, with connections to

a cathode, an anode, and a control gate (Fig. III-1). A number

of different types of thyristors have been reported: gate-

triggered, light-triggered, laser triggered, non-reverse block-

ing, gate-assisted turn-off, gate turn-off, reverse-blocking

diode, and field-controlled. (Field controlled thyristors are

not, strictly speaking, thyristors; they have no regenerative

gain and do not latch on.)

The gate-triggered thyristor is the conventional SCR

which is triggered on by an electrical pulse. Both forward

and reverse blocking are obtained with this structure,

switching times being relatively long for large blocking

voltages because of the amount of charge which must be

injected into or extracted from the base regions during

switching.

Light-triggered SCRs are similar to gate-triggered

devices, but use a weak light pulse for triggering; light-

triggering is useful for electrical isolation, but has no

other obvious advantage over electrical triggering. Laser

triggering involves higher light energies; turn-on is prob-

ably obtained through a narrow region of very high carrier

density, generated by the light pulse, and dissipating very low
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Figure III-I. Terminal Connections to a Thyristor.
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power, permitting high di/dt and high peak currents. The

non-reverse blocking thyristor (or reverse-conducting

thyristor (RCT or ASCR)) has an asymmetrical structure.

One blocking junction has been eliminated, and voltage

blocking takes place only in the forward direction. The

charge-modulated volume is smaller than in the conventional

SCR, so that faster switching is obtained.

A negative gate pulse is applied to assist turn-off in

the gate-assisted turn-off thyristor (GATO) to help reduce

switching times; however, anode current must be commutated.

The turn-off mechanism has not been completely identified;

one explanation is the rapid withdrawal of carriers from the

base by the negative pulse; and another is the prevention of

a forward voltage on the cathode.

The gate turn-off thyristor (GTO) does not require

commutation; a reverse gate bias squeezes the conduction

plasma into a high current filament which is pinched off.

The reverse blocking diode thyristor (RBDT) is essentially

self-gated, using dv/dt switching. Finally, the field

controlled thyristor (FCT) is a modified vertical channel

field-effect transistor containing a reverse blocking junc-

tion. In the on-state, the structure behaves like a p-i-n

diode; when the gate is reverse-biased, the internal field

distribution is such that the device is off.
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2. Operation of a Thyristor

The operation of the SCR can be understood by consid-

ering it as a p-n-p transistor in tandem with an n-p-n

transistor, such that the two transistors share a collector

junction (Fig. 111-2). Each transistor base is driven by

the collector current of the other transistor. The gate is

connected to the base of the n-p-n transistor. When the

anode, A, is positive relative to the cathode, K, the center

p-n junction is reverse-biased, and the SCR is in the for-

ward blocking state. The SCR remains in the blocking con-

dition as long as the applied voltage does not exceed the

breakdown voltage of the center p-n junction, or the sum of

the breakdown voltages of the diode and cathode junctions,

and as long as no iorward gate-cathode bias is applied.

When a forward bias is applied to the gate in the

forward blockinq state, the n-p-n transistor turns on, and

collector current flows, turning on the p-n-p transistor.

The collector current in the p-n-p transistor drives the

base of the n-p-n transistor, and regenerative feedback

takes place; when the total loop forward current gain exceeds

unity, both transistors turn on, all three junctions become

forward biased, and the thyristor latches on. (Current gain

is current dependent and generally not uniform over the

conducting area of the device.) Because the switching point

depends on the gate current, a family of current-voltage

characteristic curves are obtained (Fig. 111-3). Figure
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111-4 illustrates the construction of a typical SCR, with a

central gate and a shorted emitter.

3. Voltage Standoff (Blocking Voltage)

Commercial reverse blocking SCRs are usually symmetrical,

that is, both p-regions are identically diffused, and have

the same concentration and thickness. In the reverse

blocking condition, the anode and cathode junctions are both

reversed-biased; however, the breakdown voltage of the

cathode junction is usually very low compared with that of

the anode junction, so that the reverse bias is supported

essentially by the latter junction. In the forward blocking

state, the center junction supports the reverse bias. In

either blocking state, the depletion region extends pri-

marily into the n-region, because of its light doping

relative to the p-regions. The breakdown, and hence the

blocking voltage, is controlled by the properties of the n-

base, that is, by its doping and width, or by the character

of the n-type surface near the center or the anode junctions.

The blocking voltage itself is less than the breakdown

voltage, being reduced through the effects of the forward

current gains of the two transistors, particularly the p-n-p

transistor, making up the thyristor.

Most thyristors are designed around the bulk breakdown

voltage of the n-region. The depletion width must always be

less than the n-base width in order to prevent punch-through
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at a given doping level. Because both the breakdown voltage

and the depletion width increase with decreasing impurity

carrier concentration, the base width must be increased as

the blocking voltage is increased. However, the dynamic

properties of the thyristor [such as turnoff time (Fig.

111-5)] degrade with increasing base width, so that a com-

promise between blocking voltage and other thyristor char-

acteristics is required.

The impurity concentration of the n-base is established

by the resistivity of the thyristor starting material.

Doping is usually performed during initial growth of the

silicon ingot. Because control of the process is limited,

resistivity variations occur from wafer to wafer, and radi-

ally across individual wafers themselves. For large area,

high current devices, such variations must be compensated by

making the n-base wide enough to contain the depletion width

for the lowest anticipated resistivity. Such a worst-case

design results in a large variation in breakdown voltage for

a given base width, affecting yield, and degrades the dynamic

performance of the thyristor at a given breakdown voltage.

However, this problem has recently been circumvented by the

introduction of the technique of neutron doping, in which

silicon is transmuted into phosphorus by neutron bombard-

ment; this procedure introduces a uniform and precise im-

purity concentration. The primary application of neutron

doping has been for high voltage (above 2 kV) phase control
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devices, but it will undoubtedly be used wherever base width

control is critical, such as in fast inverters.

In order to take advantage of the bulk breakdown in the

n-base, the junction breakdown voltage where the junction in-

tersects the surface must be maximized. Surface breakdown

is controlled by bevelling the junction; bevelling spreads

the space charge region at the surface, reducing the elec-

tric field strength and increasing the breakdown voltage.

The standard edge contour is the double bevel, a low angle

negative bevel for the forward blocking junction, and a

positive bevel for the reverse blocking junction (Fig. 111-6).

Additional control is obtained by passivating the junction,

normally by coating with an RTV type compound, which protects

against contamination and also prevents arcing.

4. High Pulsed Current Effects

High power switches operate at peak current densities

between several hundred and several thousand amperes per
2

cm ; at these levels, injected minority carrier densities

approach or exceed equilibrium values of majority carrier

concentrations. Device properties under these conditions

are considerably different than at low currents, and can no

longer be described in terms of small-signal parameter values.

Normally, carrier mobilities (and diffusivities) are

limited by lattice scattering, and at high impurity concen-

trations, by impurity scattering. At high injection levels,
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carrier-carrier scattering becomes significant; electron and

hole transport can no longer be treated separately. New

mobilities and diffusivities, (the ambipolar values), must

be defined; these are expressed in terms of small-signal

values. Ambipolar mobilities and diffusion constants _ -

crease rapidly with increasing carrier concentration, so

that forward voltage drops are strongly affected at hiyr

current levels. Also, current gain falls off significantly

at high current densities because of conductivity modulation

in the base, although this effect is more important for

transistors than for thyristors.

At high injection levels, recombination is inadequately

described by Reed-Shockley statistics, and minority carrier

lifetime is affected by processes which are not important at

low levels. Direct band-to-band recombination of two car-

riers without intermediate trapping occurs, and Auger recom-

bination, which is a three-carrier process, takes place.

5. Forward Voltage Drop

All the junctions in a thyristor are forward biased in

the on-state. The forward voltage drop consists of the drop

across the contact regions, across the regions between the

p-n junctions, and across the junctions themselves. At low

injection levels, the current density is small, and the
+

voltage drops across the metal contacts, the high-low p -p

junction, and the region between the junctions, are negli-
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gible; the significant voltage drop is across the forward

biased junctions. (At low injection levels, the injected

carrier density into the n-base remains less than the equilib-

rium carrier density, typically 1014 cm- 3 for power switches;

values of the forward current density under these conditions

2are below around 100 mA/cm 2 .) The drop across the center

junction is opposite to those across the cathode and anode

junctions, so that the total voltage drop is around 0.8

volt.

When the injected carrier density becomes greater than

the n-base doping level, but is still less than the impurity

concentrations in the p-regions, then injection levels have

become moderate; these levels occur between around 10 and 50

2A/cm 2 . Under these conditions, the voltage drops across the

anode and center junctions become equal and opposite. The
+

voltage drops across the contacts, the p -p junctions, and

the p-regions are still negligible, but a significant drop

now occurs across the n-base, which is conductivity modu-

lated. The drop is independent of current, and varies

directly as the square of the width of the n-base, and

inversely as the hole lifetime. The total voltage drop,

around .9 volt, is obtained by adding the n-base drop to the

drop across the forward biased cathode junction.

At high current densities, between 50 and 5000 amperes
2

per cm , all regions of the thyristor, except the heavily-

+ +doped p - and n -regions, are conductivity modulated; opera-
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tions of power switches take place at these levels. At these

injection levels, ambipolar effects are such that the electron

and hole currents are equal. The device resembles a p-i-n

diode, the effective i-width being the sum of the widths of

the two p-regions and the n-base. Again, all voltage drops

except the drop across the cathode junction and the n-base

are negligible (the drops across the anode and center junc-

tions are equal and opposite). The voltage drop across the

n-base, which varies inversely as the square root of the

hole lifetime in the n-base and directly as the effective

base width, is the important term in the forward voltage

drop at high forward currents; the dependence is illustrated

in Fig. 111-7 [2].

6. Voltage Triggering and dv/dt

There are two modes of voltage triggering of a thyristor,

by avalanche multiplication and by a rapidly rising anode

voltage, that is, by a high dv/dt. If a forward voltage

exceeding the forward standoff voltage is applied to the

anode, bulk avalanche breakdown begins, and considerable

carrier multiplication takes place in the center junction

depletion region. The increased reverse current flow

stimulates carrier injection at the anode and cathode junctions,

regeneration begins, and the thyristor turns on. This mode

of voltage triggering can be avoided by limiting the applied

forward anode voltages.
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The second mode is the result of displacement current

flow through the reversed biased center junction capaci-

tance. Forward displacement current flow through the thyris-

tor increases the effective current gain so that regener-

ation occurs and the device turns on. (The value of dv/dt

is usually specified for non-repetitive voltage ramps. It

is also possible to describe it in terms of the rate of

application of forward voltage while the thyristor is re-

turning to its forward blocking condition following a pre-

vious turn-off from the on-state). The value of dv/dt for

which the device will self-trigger can be increased by

reducing the center junction capacitance, either by reducing

the junction area or by increasing the n-base doping. The

former method requires a reduction in the current handling

capability of the device, and the latter causes a reduction

in blocking voltages. Neither of these are conventially

used; the common procedure for increasing dv/dt is by short-

ing the emitter.

A shorted emitter (Fig. 111-8) has low injection effi-

ciency, hence low current gain, at high voltages and low

currents; when the voltage is low and the current is high, in-

jectiun efficiency and current gain are also high. These are the

conditions required for high dv/dt £E31f-triggering. The emitter

short collects the displacement current preventing the lateral

voltage drop under the n+-emitter, that is, the cathode,

from reaching its turn-on value, around 0.5 volt. The
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simplest method for obtaining an emitter short is to over-

lap the cathode metallization onto the gate (Fig. III-8a);

a more effective method for increasing the emitter shorting

area without losing cathode area is to use multiple shorting

paths, in which portions of the base region are shorted to

the emitter contact, (Fig. III-8b). A high density of

small paths will provide high dv/dt capability, but it is

not practical to reduce the diameter of the shorting below

100 pm because of surface roughness.

Forward voltage drop is not greatly affected by short-

ing the emitter; forward blocking voltage is increased. The

greatest effect of an emitter short is on the plasma spread-

ing velocity, which is reduced, which, in turn, reduces the

di/dt capabilities of the thyristor.

7. Turn-on and di/dt

The rate at which a device turns on depends on the

amount of current which can safely flow through the small

region where switching is initiated. In center

gated thyristors, only a small part of the device immed-

iately adjacent to the gate electrode turns on; the high

reverse bias is shorted out by the conducting region, and

the electric field collapses, so that regenerative effects

essentially vanish, and the remainder of the device must

turn on by lateral propagation of the on-region plasma. A

considerable time may elapse before the entire cathode area

turns on, and during this time, the entire anode current
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flows through only a small part of the total conducting

area; at high values of di/dt, high power dissipation and

localized heating can cause considerable damage to the

device.

It is possible to obtain a rough estimate of leading

edge limitations by assuming that power is dissipated only

during the turn-on transient, and that device heating is

aaiabatic. Figure 111-9 illustrates the turn-on events.

The trapezoidal pulse has a peak current, Ip, and a lead-

ing edge slope, di/dt; the rise time, tr, is the time re-

quired for the current to reach its peak value, that is,
I

t - The voltage is assumed to fall exponentially
r di/dt

from its forward blocking value, VDRM with a fall time, tf*

Both the time dependence of the voltage and the value of tf,

are assumed to be independent of the turned on area in the

thyristor, through which the instantaneous current must flow.

Then

i(t) = I t
P tr

and
v(t) = V DRMe-t/tf.

The instantaneous power during turn-on is

P(t) = v(t)i(t) = IV -- et/tf
P r

For fast rise times, the power is assumed to be dissipated

adiabatically, so that

P(t) = m(t)c dT

L ~~ ~~~~~ ......... ....
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where T is the instantaneous temperature, c is the specificP

heat capacity, and m(t) is the mass of silicon in which the

power is dissipated. The conduction area through which cur-

rent flows will depend on time through the plasma spreading

velocity, Vp. The instantaneous conduction area is just

the product of the plasma spreading velocity, the time, and

the total gate length, £, that is,

A(t) = v zt,p

so that the mass, m(t), is

m(t) = pwA(t) = pwv pt,

where p is the density of silicon and w is the thyristor

wafer thickness. Combining all the expressions,

t -t/tf
I V -eV =wZtcp DRM tr ep dt

or,tT IV r -t/tf 
mDRM f dt = pwvpZcp f dT.

r o ppT a

Ta is the ambient temperature at turn-on, Tm is the maximum

safe temperature, that is, the maximum temperature which can

be sustained without physical damage to the device. The

minimum current rise time is just the voltage fall time;

for this condition,

T - T
I =l.58pwv tc m a
pmax p p VDR .

Using room temperature (300 0 K) values for p(2 .33 gm per cm
3
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and for c p(0.7 joule per gram per 'K), and typical values

for V p(10 4cm/sec [1]), for w(3.81 x 10-2cm) and for £(20 cm),

the expression for I becomespmax

Tm - T
I = 1.96 x 104  m apmax VDRM

If Tm is the silicon-aluminum eutectic temperature, 577 0C

(8500K) then, for VDRM = 1000 V,

I = 10800 A,
pmax

and, for a rise time (fall time) of 100 nsec,

dI

(!L) = 1.08 x 105 A/lis
max

Lower temperature failure mechanisms, such as thermal fatigue

[3, 4], that is, damage which occurs because of expansion

and contraction of the silicon material with heating and

cooling, will reduce these values.

The velocity of the lateral plasma spreading has been

found to increase with increasing current density and in-

creasing minority carrier lifetime, but decreases as the

effective base width and the amount of emitter shorting

increase. Figures III-10a[l] and III-10b[5] illustrate the

effects of emitter shorting and lifetime on plasma spreading

velocity, and the relationship between plasma spreading

velocity and blocking voltage, respectively. According to

Fig. III-10a, the spreading velocity saturates at around

10 4cm/sec for high current densities, and decreases signifi-

cantly with emitter shorting and low minority carrier life-

time (gold-doped material). Increasing blocking voltage in
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Fig. III-10b is directly related to increasing n-base width,

a relationship demonstrated also by the increasing turn-off

times.

It is not possible to increase plasma spreading velocity

in the device without affecting other thyristor parameters,

but independent improvements in turn-on time may be obtained

by appropriate contact geometries. The effective turn-on

area is increased by a large gate periphery (and by driving

the gate at several times the critical gate current for turn-on),

and the distance over which the plasma must spread is reduced by

making the gate-cathode electrode separation small. Figure

III-11 illustrates a representative interdigitated contact

structure. Interdigitation provides an increased initial

turn-on area, hence higher di/dt, and also reduces the

instantaneous forward voltage drop, but because triggering

current is proportional. to total emitter periphery, inter-

digitated devices iquire higher gate drives than conventional

geometries. In order to maintain high gate sensitivities at

the same time as providing large gate dr.ves, a small driv-

ing thyristor, triggered by low currents, is often used with

interdigitated contacts. The auxiliary thyristor is inte-

grated on the same wafer as the main device; the arrangement

is called an amplifying gate.

A central amplifying gate structure i3 illustrated in

Fig. 111-12. The auxiliary thyristor, being small, is

turned on rapidly by a small gate current. The cathode

current for the auxiliary device, which is much higher than
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the original gate current, is now the gate current for the

main thyristor, and turns on a large initial area. The main

thyristor turns on not only more uniformly, but rapidly; the

auxiliary thyristor carries the major part of the load

current for less than one microsecond. Large auxiliary gate

currents in an amplifying gate are not desirable; they cause

the main thyristor to turn-on at the same time as the auxil-

iary thyristor and the advantage of the amplifying gate is

lost.

There are other multiple stage thyristor structures,

such as the emitter gate, the field initiated gate, and the

regenerative gate. The regenerative gate (Fig. 111-13), is

frequently found in inverter devices. The emitter area is

not completely metallized, and the lateral current flow in

the high resistance narrow unmetallized n-region causes a

positive voltage drop relative to the metallized portion of

the cathode; this is picked off and fed to one or more gate

contacts to the p-gate region. The initiating gate signal

triggers current flow at the end of the emitter near the

standard gate, and the regenerative gate simultaneously

initiates anode flow at the far end. A distribution of

regenerative gates around the cathode enhances uniform and

rapid turn-on.

8. Recovery Time (Turn-off)

A conventional SCR latches on, that is, remains on after

the gate trigger signal has been removed, and can be turned
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off only by interrupting the anode current (commutation).

The turn-off time, that is, the time which must elapse

before forward blocking capability is reestablished is

usually long; the charge stored in the p-and n-base regions

which is injected by the on current cannot be removed

rapidly during reverse blocking. Charge in the base regions

is removed via ambipolar diffusion to the depletion regions,

where it is extracted, or by recombination; both processes

are slow. The reapplication of a forward voltage while

substantial charge still remains in the base regions will

turn the device on again, so that dv/dt following commuta-

tion of the anode current may be considerably less than

dv/dt relative to a single ramp. If sufficient charge

has already disappeared, emitter shorting will help

recovery by extracting any remaining stored charge, but consid-

erable emitter shorting cannot be introduced without affecting

the plasma spreading velocity (and hence, di/dt).

Turn-off time is usually adjusted by introducing suit-

able impurities, such as gold, to reduce carrier lifetime;

with gold-doping, turn-off times can be reduced to 10 iisec

without seriously affecting other device parameters. However,

if minority carrier lifetime is reduced excessively, forward

voltage drops are increased, and leakage currents become

large enough to affect leakage power dissipation.

9. Adjustment of Minority

Minority carrier lifetime is adjusted in order to reduce

turn-off time; the turn-off time is around ten times as
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great as the minority carrier lifetime in the base regions.

However, turn-off time cannot be independently reduced

without affecting other parameters; the forward voltage drop

in the on-state increases sharply at low lifetimes (Fig. 111-7),

plasma spreading velocity is reduced (Fig. III,10), and the

reverse leakage currents at the blocking voltages become

high enough to exceed permissible leakage power levels.

However, a lower lifetime in the n-base reduces the current

gain of the p-n-p transistor section of the thyristor, and a

higher blocking voltage is obtained (Fig. 111-14).

The most widely used method for reducing lifetime is

gold diffusion; however, gold doping causes high leakage

currents, may affect background impurity levels, and is

gettered by other impurities, such as phosphorus, and by

dislocations, so that good lateral distributions are hard to

obtain. On the other hand, vertical concentrations can be

sufficiently controlled to permit some individual adjust-

ments of otherwise interdependent turn-off time and forward

voltage drop.

Platinum is occasionally used to adjust lifetime,

rather than gold, but it introduces excessive forward

voltage drops. Electron irradiation is beginning to compete

with gold for lifetime adjustment. Damage is introduced

into the lattice by a flux of electrons at 1 to 2 MeV, and

annealed out above 2500C (523 0 K) to desired levels. Good

lateral uniformity of recombination centers is obtained.

The greatest advantage of electron irradiation is that
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lif-timne adjustment can be performed on packaged devices. A

few electron irradiated thyristors are commercially available,

but there is some industry reservation to this process because

of possible additional annealing at high operating tempera-

tures, and subsequent uncontrolled changes in lifetime.

10. Types of Thyristors

Various modifications to the conventionally structured

SCR can be made in order to improve certain performance

characteristics; however, these are frequently compromises,

inasmuch as other parameters will usually suffer. Seven

major types (other than the normal SCR) have been developed.

Although these several types have found specific applications,

in general, none have been completely characterized nor, ex-

cepting the RBDT, are they commercially available. However,

for completeteness, and to demonstrate current thyristor design

philosophies, the seven structures will be described here.

They are the gate-assisted turn-off thyristor (GATO), the

gate turn-off thyristor (GTO), the light triggered thyristor,

the laser triggered thyristor, the reverse conducting thyristor

(RCT) or asymmetrical SCR (ASCR), the reverse blocking diode

thyristor (RSR or RBDT), and the field controlled thyristor

(FCT), which is, strictly speaking, not a thyristor at all.

a. Gate-Assisted Turn-Off Thyristor (GATO)

In the GATO, a reverse bias is applied to the gate after

commutation, while the forward anode voltage is reapplied,

to help reduce turn-off time and increase the frequency
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capability. One muel [6) describes reverse gating effects

in terms of removal of excess carriers faster than they can

be removed by recombination alone; this model excludes the

use of shorted emitters. A more recent explanation [7] sug-

gestc that the gate assist prevents a forward voltage from

developing at the cathode junction, inhibiting refiring. A

shorted emitter structure is consistent with the latter

model. When there is no cathode shunting, the negative gate

bias directs forward recovery current laterally in the p-

gate region from the cathode to the gate; the cathode junc-

tion becomes less forward biased and fewer electrons are

injected from the emitter, reducing the likelihood of re-

firing. (This model is not inconsistent with the carrier

sweep-out model.) If cathode shunting is present, lateral

current flows through the p-gate region from the cathode

shunts to the gate, in a direction opposite to the forward

recovery current, reducing the total lateral voltage drop,

inhibiting refiring.

b. Gate Turn-Off Thyristor (GTO) [8)

If the negative gate drive is sufficient, debiasing will

be great enough so that the current flowing to the cathode

will be pinched into a narrow channel. Under certain con-

ditions, regeneration in the conducting filament will not be

sufficient to sustain it, and it will collapse, turning off

the device. This effect can be used to turn-off the device

without external commutation, while anode current is still

flowing, end is called gate turnoff. A GTO thyristor must
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be carefully designed; local overheating in the current

channel may damage the device. (This effect is similar to

current channeling at high collector currents in transis-

tors.) The maximum reverse gate-cathode bias is limited to

the breakdown voltage of the cathode junction.

c. Light Triggered Thyristors.

Turn-on in a light triggered thyristor [l] is initiated

by carrier generation in the bulk via light conducted into

the gate region through a light pipe. It has the advantage

of total isolation of the gating circuit from the other

circuitry, which is useful when thyristors are series

stacked for high voltages and when stray capacitance is a

problem. The basic light-gated thyristor is illustrated in

Fig. III-15a. Light, usually from a gallium arsenide LED,

is conducted through a glass fiber. Another design, which

appears in devices used as auxiliary gates in two-stage gate

structures, is shown in Fig. III-15b. Weak light triggering

is generally used for phase control devices.

d. Laser Triggered Thyristors.

If the energy which is contained in the light pulse is

great enough, high carrier concentrations generated through-

out the bulk of the thyristor will permit fast, simultaneous

turn-on of large areas, for very high di/dt and peak currents.

Figure 111-16 represents a laser activated semiconductor

switch (LASS) [9, 101. If high intensity 1.06 pm radiation

(YAG laser) is used to irradiate the thyristor junctions
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through openings in the contact metallization, the light,

which traverses the silicon by way of internal reflections,

will generate hole-electron densities which are great enough

to swamp the background concentrations in the base regions,

and the device will turn on very rapidly. In principle,

switching speeds of 1 psec can be obtained, which is the

time required for the light to traverse the wafer. (It is

not clear if the light does, in fact, traverse the wafer

completely to turn on the entire area, or if a relatively

small region is carrier modulated to such an extent as to

create an effective short circuit, in which the instantaneous

power density is very small.) Mode-locked YAG lasers will

generate pulses as short as 20 psec; to obtain carrier den-

sities of 10 18 cm -3 in this time requires around 9 GW/cm2

peak power.

e. Reverse Conducting Thyristor.

It is possible, by sacrificing reverse blocking capability,

to reduce the n-base width while maintaining forward block-

ing; forward voltage drop and turn-off time are thereby

reduced. The basic RCT consists of a thyristor and an

integrated antiparallel diode [11], illustrated in Fig. III-17a;

the cathode junction has low breakdown voltage, and the

anode junction is shorted out by the antiparallel forward

biased diode when the thyristor is biased in the reverse

direction. It is possible to employ an epitaxial n-p-i-n-p

structure [12] to obtain very high forward blocking voltages.
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The cathode and anode p-n junctions have low breakdown

voltages for the reverse biased thyristor, but forward

blocking voltage is dropped across the central reverse

biased p-i-n junction (Fig. III-17b).

f. Reverse Blocking Diode Thyristor.

The RBDT, or RSR [131, has essentially the same struc-

ture as a conventional SCR, but has no external gate lead.

It is self-gated by applying a ramped cathode-to-anode

voltage with a time rate of change great enough to exceed

its dv/dt rating.

g. Field Controlled Thyristor.

Strictly speaking, the FCT [14] is not a thyristor,

inasmuch as it is not gated on by the conventional thyristor

latching mechanism, and, in fact, has turn-off capabilities

without commutation. It is more properly described as a

vertical channel field effect transistor in series with a

reverse blocking diode (Fig. 111-18). Reverse blocking is

obtained when the p-n anode blocking diode is reverse biased.

If a reverse bias is placed on the grid relative to the

cathode, the depletion region formed in the lightly doped n-

region around the reverse biased cathode p-n junction pinches

off the vertical channel, and forward blocking is obtained.

The FCT is turned on simply by removing the negative gate

bias; in the on-state, the device behaves like a forward

biased p-i-n diode. The FCT is turned off simply by reapplying

the negative grid voltage.
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11. Packaging

High power switches are normally packaged in a flat

pack configuration. In the normal package, the wafer is

hard soldered between a pair of thermally matched plates

such as tungsten or molybdenum. One plate (the anode) is

hard soldered to a threaded copper stud, which is the anode

connection and heat sink; the other plate is hard soldered

to the cathode terminal. The entire assembly is hermetic-

ally sealed by a ceramic cap. This method is not practical

for the large wafers (greater than 25 mm in diameter) used

for high power devices, because of thermally induced stress

on the larger wafers. The flat pack, which employs floating

contacts, is required. Several configurations are possible

[15, 161; in one, the upper anode plate floats on a pressure

contact and a pressure contact separates the cathode from

the cathode plate [15]. Another design [16] eliminates all

solder joints and has pressure contacts throughout. Both

arrangements are contained in a relatively flat cylindrical

ceramic package. External pressure on the package is re-

quired to assure good electrical and thermal contact. The

floating contacts make the package and internal structure

less subject to thermal fatigue; for one such configuration,

37 mm devices were cycled three and one-half million times at

junction temperatures between 125*C (398°K) and 450C (318 0K)

at 1600 amps rms forward current, with no failures [16].

A new package technology has been developed, the

transcalent package (171. The package consists essentially
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of two hollow evacuated copper cylinders, each sealed at one

end (the device end) with a brazed molybdenum disc, the

interior surfaces of which are coated with a thin sintered

copper layer which forms a surface of high capillarity, that

is, a wick. Anode and cathode currents are conducted through

the walls of the tubes, into and out of the device. A

separate wire conducts the gate current. A section of one

conducting tube wall is made thin with respect to the rest

of the tubing. If thermal overloading occurs, perhaps because

of repeated excess surging, this segment will melt and open

circuit before the silicon device short circuits, and prevent

the formation of damaging high short circuit currents.

Anode and cathode sections are electrically separated by a

segment of high strength alumina.

The active regions of the silicon device wafer are

vacuum soldered between the molybdenum discs. The device

contacts are chemically vapor deposited tungsten, overplated

with nickel for solderability; the discs are lapped for

optimum thermal contact and nickel plated also. The thyristors

are fabricated on 38 millimeter diameter wafers; the active

device region is 21 millimeters in diameter. The additional

silicon material is included for greater reliability. All

exposed junctions are bevelled and passivated to increase

stand-off voltage. Anode and cathode contacts are solid

circles; the gate wire is connected to a non-amplifying

gate.

A small amount of working fluid is introduced under

vacuum into the wicks; water is used because of its thermal
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properties in the operating temperature range and it-, com-

patibility with the package materials. Thin layers of the

fluid are held in the wicks against the molybdenum end-

plates. When heat is evolved in the device, the water

evaporates and recondenses on the cooler tube walls, which

are at uniform case temperature. Heat is exchanged through

the copper tube walls and dissipated through cooling fins.

The water is pumped back to the molybdenum interface by way

of capillary action. Such heat pipe action permits the

mounting of the device in any attitude, without clamping.

12. Life

The factors which affect the life expectancy of

thyristors are not well-defined. The lifetimes of phase con-

trol devices are measured in tens of years, as long as they

are adequately heat-sinked, and failure modes, excepting

those associated with thermal cycling, have not been

identified. Package failure, that is, thermal stresses

developing at the contact-wafer interface, is probably more

important than device failure, that is, electrical failure in

the wafer itself.

Thermal failure is important for short pulse, high power

switching also, but the failure mechanism is considerably

different than for phase control devices. Because the thyristor

does not turn on uniformly, high values of di/dt can cause

local burnout; however, even when the di/dt is kept low enough

to prevent catastrophic failure, repeated thermal shocks caused

by localized high power dissipation in a small turned on region
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can cause eventual mechanical wafer fracture and mechanical

destruction of the device [3, 4]. Heating is probably

substantially adiabatic in this case, and heat sinking is

not effective. Thermal mismatching between the package

contact and the silicon wafer also is probably exaggerated,

and fracture may occur because of thermally induced contact

stress.

More stress test and failure rate data are required

under real operating conditions before the important failure

mechanisms for swit hes can be characterized. The measure-

ments are complicated, because localized heating is adiabatic

and essentially a non-equilibrium phenomenon, whereas the

temperature of the junction is obtained from the temperature

dependence of certain device parameters under equilibrium

conditions, after the heat has been more-or-less distributed.

13. Fast Thyristors

a. Commercial

Development of large phase control thyristors has been

emphasized in Europe and Japan, where electric railways have

been an important market, whereas fast inverters have been a

US specialty, although quality European inverters are also avail-

able. Commercial power inverters have the conventional thyristor

structure, and, in general, their features are similar,

depending more on market applications than on the manufac-

turer. Table 1 lists the important characteristics of ten

high power, high frequency switches, available from both US



151

0 0

UC4

4- X: n 0 w 0 MC 0 0 a

04 0a

to ~ 0 0 0 0 00 0 0 0bZ
4 > 1 C. C 1 0t fl 0~ a, .4 0 1

ow 0

O.Z 0 0 00c!

N 0 N .- a a

m >

1-4(1) ACC



152

and foreign suppliers. Devices numbers 1 through 9 are

conventionally triggered thyristors, with interdigitated

gate-cathode structures; all have amplifying gates, devices

number 3 and 5 being regenerative. Device number 10 is an

RBDT. Performance data were obtained from manufacturer's

data sheets for their highest power inverters, except for

device number 10; those data were obtained from reference

13.

Voltage standoff is defined as the peak repetitive

forward or reverse blocking voltage, except for device

number 10, for which it is the forward breakover voltage.

Peak current is the highest value which could be obtained

from the data sheets for trapezoidal pulsed operation,

independent of duty cycle. It should be emphasized that the

di/dt for the leading edge of the pulse for all tabulated

peak currents was only 100 A/ps, which is an industry

standard, and which does not correspond to the maximum di/dt

which can be sustained at those peak currents, without

damage to the device. (Device number 5 is an exception; it

has been tested at di/dt = 1000 A/s, and corresponding re-

sults are shown parenthetically in Table 1.) The peak

currents themselves are generally not leading edge limited,

but are based on thermal impedance and duty cycle. The

values for forward voltage drop are not completely consis-

tent, inasmuch as they correspond generally to different
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values of peak forward current, but they provide a reason-

able comparison between the devices. The tabulated values

of di/dt correspond to non-repetitive conditions, except for

device number 6, which has a repetitive value. The values

of dv/dt in Table 1 are self-triggering values, and do not

include recovery time limits imposed by rapid reapplication

of forward blocking voltage after turnoff. The delay time

is the time interval between the beginning of a gate pulse

and the time when the forward voltage has dropped to some

fraction of its blocking value. (The fraction depends on

the standard, which may or may not include the fall time,

typically 100 to 125 ns) Recovery time is the circuit

commutated turn-off time, that is -he interval between the

time when the forward anode current goes to zero and the

time when the forward blocking voltage can be reapplied at

its full dv/dt value.

Typical jitter is less than 2 nsec [15] if the gate is

overdriven at two to three times its minimum trigger value;

factors affecting jitter have not been clearly identified.

Lifetime information was generally not available, except for

a commercial version of device number 10, which is being

life-tested as part of a larger life-test program of a radar

modulator. This device has been operated continuously,

except for minor interruptions, for 2000 hours, switching a

3 psec, 2200 A current pulse at 365 pulses per second.

Reliability calculations have been made [3, 18, 191 on
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selected devices, but are not included as part of the data

issued by manufacturers. Thermal impedance data are usually

provided so that safe operating conditions may be determined;

these are related to the safe peak current values for pulsed

operation at various pulse repetition rates and duty cycles.

For normal applications, employing relatively wide pulses,

safe operation is related to power dissipated during the on-

state, as long as the leading edge di/dt is low enough to

prevent localized burn-out. However, when fast, high power

pulses are involved, the rise times become so short that the

limiting constraint is di/dt, and data respecting safe

operation are not available.

b. In Development

Although non-conventional thyristor structures, such as

the ASCR, are being developed for higher frequencies and

voltages, these still depend on carrier diffusion to spread

the conduction plasma through the device and are limited,

according to the previous estimate, to peak currents of around

10 kA and to di/dt values of around 1 x 105 A/ is. It is pos-

sible to reduce the voltage fall time sufficiently so that

the value of di/dt can be substantially increased, and to

reduce the power dissipated during turn-on so that safe peak

currents can be increased also; these improvements can be

made by direct laser triggering.

The light activated semiconductor switch (LASS) has a

conventional thyristor structure, but is designed for optical,
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rather than electrical triggering. The light pulse, typi-

cally produced by a Q-switched laser, provides the energy to

generate carrier concentrations throughout the illuminated

portion of the base regions at least as great as those

occuring when the thyristor is on. Turn-on is free of the

usual transit time delays, and very high values of di/dt can

be sustained. Table 2 contains the results of several

experiments [9, 20] which indicate the capability of the

LASS. A Q-switched neodymium-doped YAG laser (1.06 pm) was

used to illuminate the switch wafer; the laser output was

around 3 to 5 mJ per pulse, and the duration of the light

pulse was around 10 nsec. The optically generated carrier

density in the base regions was approximately 1018 cm

If the previous calculation for limiting di/dt is reason-

able, and it is assumed the current rise times are compar-

able to the voltage fall times, then the voltage fall times

associated with laser triggering are in the order of 10

nsec, a factor of ten faster than the fall times associated

with electrical triggering. It is likely that jitter is

minor with laser triggering.

c. Summary

Switching thyristors which can be obtained commercially

today have several common features: they have conventional

thyristor structures, amplifying gates, and are, with one

exception, gate-triggered with an electrical pulse. They

can sustain high peak currents (some as high as 20 kA) for

low duty cycles and low di/dt (although device number 5
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tolerate high values of peak current up to 1000 A/ps for low

duty cycles). It is not possible to establish the limits of

operation with respect to pulsed power for existing thyristor

switches from manufacturer's data alone. If device number

5 is representative, the data may be too conservative, and

additional measurements are required adequately to define

thyristor capabilities in short pulse, low duty cycle oper-

ation.
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B. Transistors

1. Transistor Properties

A transistor is a semiconductor opening and closing

switch, whose switching action is controlled by the presence

or absence of current flow through a p-n junction (the

emitter-base junction). When the p-n junction is forward

biased, and forward diode current flows, the switch is

closed and it conducts collector current. When the emitter-

base junction is short-circuited or reverse biased, the

switch is open. The transistor is a three-layer (Fig. III-19a)

three-terminal (Fig. III-19b) device, with connections to an

emitter, a collector and a control base. Specifications of

a transistor as a switch are similar to those for a thyristor,

except that transistors do not self-trigger, that is, there is

no dv/dt specification for transistors.

2. High Power Transistors

Three commercial transistors are of particular interest;

their characteristics are listed in Table 3. All three

transistors are triple diffused n-p-n devices, with the

n+ -p-v-n (where v represents a very lightly doped, high

resistivity near intrinsic n-type region) structure obtained

by a double diffusion, but having a third, separate,

collector diffusion instead of simultaneous emitter and col-

lector diffusions.
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Figure 111-19. Basic Transistor Structure (a);
Transistor Terminal Connections (b)-
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The values for standoff voltage are the Vcesat values

for the transistors; peak current is the value of the collec-

tor current switched. Devices number 1 and 2 were tested

under similar conditions; the collector current switched

in device number 3 was considerably higher. Values of

several parameters obtained from the manufacturer's curves

for device number 3 are shown parenthetically for comparison

with those for devices number 1 and 2. The values of di/dt

were estimated by dividing the peak current by the pulse

rise time. The delay is the sum of the elapsed time from

the initiation of the base current pulse to the beginning

of the collector current pulse and the rise time of the

collector current pulse. The recovery time is the sum

of the storage time measured from the end of the base drive

pulse to the beginning of collector current turn-off and

the fall time of the collector current pulse.

Device number 2 appears to have characteristics quite

similar to those of device number 1. It is difficult to

compare the performance of device number 3, inasmuch as it

is a monolithic Darlington arrangement; that is, a drive

transistor is formed on the same wafer as the main transistor

at the time that the latter is fabricated, and integrated

with it in a Darlington configuration. The gain limitations

of the main transistor are obscured, and the performance of

the combination may not be superior to a Darlington amplifier
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formed by devices number 1 and 2 with a second discrete

transistor. Turn--on times for device number 3 might be

expected to be comparable to or better than those for

devices number 1 and 2, if the drive transistor is small

and its base is overdriven, and its gain is high enough to

overdrive the base of the main transistor. Turn-off times,

under these conditions, would be longer than for devices

number 1 and 2, consistent with the data shown in Table 4.

Devices number 2 and 3 are contained in the flat pack;

device number 1 has a transcalent package [1, 2]. However,

the emitter in the transcalent package is not soldered to

the emitter disc, but has an emitter ballast resistance

wafer clamped between the emitter disc and seventy-two

emitter fingers. The emitter ballast wafer is mesa-etched

to align with the emitter fingers, then gold-plated to ob-

tain conformable pressure contacts; its purpose is to force

a uniform emitter current distribution, and inhibit the

occurance of thermal instabilities. A molybdenum ring is

soldered to the base contact for uniform base current dis-

tribution; the base wire is connected to the ring. Col-

lector and emitter thermal impedances are somewhat differ-

ent, emitter thermal impedance being somewhat higher because

of the presence of the emitter ballast wafer.

a. Standoff Voltage

The principal design consideration for high power transis-

tors is the standoff voltage, that is, the collector-base junc-
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tion breakdown voltage. Starting resistivity, diffusion

depths and base widths are all chosen with respect to the

voltage requirements, and switching performance is affected

by those choices. Fabrication processes are affected as

well; device configurations must be consistent with high

voltage operation. These processes and structures are dis-

cussed below.

Several types of processing are involved in the fabri-

cation of power transistors: a single two-sided diffusion

into a lightly doped substrate (Fig. III-20a); a double dif-

fusion (Fig. III-20b); a double-diffused epitaxial process;

and a double epitaxial process. The single-diffused device

(n +-p-n + ) requires wide bases to prevent punch-through

before avalanche breakdown occurs at the collector-base

junction, reducing the current gain. The current gain is

additionally reduced by the reduced injection efficiency

which is a consequence of the deep emitter diffusion re-

quired in a simultaneous collector and emitter single dif-

fusion.

The high voltage performance of power transistors can

be improved by starting with low resistivity n-type material

and performing a second diffusion. In the double-diffused

structure of Fig. III-20b (n +-p-v-n+ ), the high reverse voltage
+

of a p-v-n diode of comparable width can be supported by

the \-region, which also inhibits punchthrough. The n -p-v-n

structure is the most common high power transistor structure.



166

(a)

p

EMITTER COLLECTOR

(b)

v

EMITTER COLLECTOR

+ +

Figure 111-20. Impurity Profiles for an+n -p-n+

Transistor (a); for an n -p-v-n

Transistor (b).
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b. Pulse Current and Gain

The current gain (the ratio of collector current to base

current) of a transistor falls off considerably at high for-

ward current densities. As emitter current increases, the

minority carrier density injected into the base becomes large

enough to cause the conductivity of the base region to in-

crease, (conductivity modulation) and the emitter injection

efficiency falls off. Emitter debiassing, the result of

voltage drops in the base at high base currents, causes

emitter current crowding which exaggerates base conductivity

modulation. The increase in base conductivity at high for-
+ +

ward currents in an n -p-n transistor also reduces the col-

lector-base depletion width, which increases the effective

base width. Additional stored charge in the base reduces

the injection efficiency even further, and the increased

base width also reduces the base transport factor.

In an n +-p-v-n + device, the effect of high currents

is to conductivity modulate the v-region, reducing its

resistivity relative to the p-base, so that the depletion

width in the p-region will expand, reducing the effective

base width. However, the voltage drop across the undepleted

portion of the v-region increases with increasing forward

currents; less voltage is available to maintain wide deple-

tion at the p-v junction and the depletion layer shrinks,

increasing the base width. The net effect is a wider base

width and gain fall-off at high currents. In general, forward

current gain will be low for all types of power transistors

at high collector currents.
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Destruct-ive effects at high currents are generally

the result of high temperatures which follow the formation

of current constrictions. The constrictions themselves

can be initiated by emitter debiasing or enhanced local

avalanche multiplication or microplasma formation; the

latter events are more likely to occur under reverse

bias conditions, when the transistor is turning off.

Narrow current channels are regenerative; increased

temperature enhances increased current flow, which in-

creases temperature. High forward current stability can

be enhanced by interdigitation of the emitter and base

contacts. The emitter area can be maintained by employing

a large number of narrow emitter fingers; if the fingers

are narrow enough, relatively little debiasing occurs.

Current hogging (that is excess emitter current flowing

through one finger), which tends to be regenerative,

is avoided by ballasting the fingers, that is, by insert-

ing a temperature dependent resistance, with a positive

temperature coefficient, in series with each finger.

One such ballasting arrangement occurs in the transcalent

package previously described.

c. Delay and Recovery

Delay and recovery effects in transistors are the re-

sult of junction depletion and charge storage capacitances.

When a base signal is first applied, the emitter

base depletion capacitance must be charged through the
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source output resistance and transistor input resistance

before base current can flow. The charging time constant

is the intrinsic delay time of the transistor, which, when

added to the rise time of the collector current pulse,

establishes the transistor switching delay time. As the

base current increases, and the transistor turns on, charge

is stored in the base region as base current flows. This

stored charge represents an equivalent storage capacitance

which must be charged up as the collector current increases,

and which affects the rise time of the collector current

pulse. Switching delay time may be reduced by overdriving

the base with base currents in excess of those required to

sustain a given collector current, but such overdriving re-

duces the effective current gain and introduces excess

charge to be stored in the base, increasing the collector

current fall time, hence the recovery time.

Switching recovery time is determined by the storage

capacitance, which must be completely discharged before

the current pulse is off. The recovery time has two com-

ponents, the storage time required to remove excess

stored charge introduced into the base by base overdrive

currents and the pulse fall time, which corresponds to the

removal of stored charge introduced by normal base drive.

d. Current Rise Time

The maximum value of di/dt is determined by the rise time

of the collector current. (Current constrictions, caused by
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emitter debiasing, are not important in this respect, except

as they are related to the value of the peak current.) Propa-

gation delays, such as those occuring with respect to the

turned on region in a thyristor, do not exist in the base of

a transistor; the time required for the base signal to propa-

gate through the base region, less than 0.5 nsec, is essentially

the velocity of light in the silicon. The pulse rise time may

be increased by base overdrive; however, inasmuch as the maxi-

mum pulse repetition rate depends on the recovery time, an

increase in di/dt will be accompanied by a diminished pulse

repetition rate.

e. Output Characteristics

The introduction of a v-layer affects the output behavior

of a transistor. Figure III-21a illustrates typical output

characteristic curves for an n+-p-n+ transistor; these repre-

sent the conventional common emitter behavior of a transistor.

The collector-base junction is forward biased in the saturation

region (region I); the slope of the limiting curve is the in-

verse of the collector resistance. Region II is the active

region in which the collector-base junction is normally reverse

biased. The presence of the v-layer introduces a third region

(region III in Fig. III-21b) into the output curves, the

quasi-saturation region. In true saturation (region I), the

base-collector (p-v) junction is heavily forward biased and

the v-region is conductivity modulated, so that the voltage
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Figure 111-21. Output Characteristics for an n -p-n

Transistor (a); for an n +-p-v-n +(b).



172

drop across it is low. As the transistor begins to come out

of true saturation, the base-collector junction becomes less

heavily forward biased and the v-region is conductivity modu-

lated over less of its width so that the collector resistance

increases, becoming the resistance of the v-region for low

p-v forward biases. This resistance is much greater than the
+

resistance of the n -region, and the transistor is in quasi-

saturation. In the active mode, the collector-base junction

is reverse biased; the v-region is completely depleLed and

the output resistance is the resistance of a reverse biased

p-n junction.

f. Forward Voltage

Although breakdown voltage is improved by introducing

the v-region, the forward voltage in the on-state, typi-

cally several tenths of a volt, is also increased. Turn-

on (delay) time is relatively high in quasi-saturation,

so that power dissipation may be increased excessively

during turn-on. Figure 111-22 compares the turn-on char-

acteristics for n +-p-n + and n +-p-v-n + transistors. It

is possible, by increasing the base doping level, to re-

duce the final on-state voltage drop across the trans-

istor, and to reduce the delay time, but quasi-saturation

effects are not eliminated, and turn-on times remain rela-

tively high.
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Figure 111-22. Turn-On Behavior of n -p-n and of
+ +-p-v-n Transistors.
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g. Life

The life of transistors is eFtablished generally by

the same constraints which affect the life of thyristors.

If a transistor is well-enough heat sinked, it is reason-

able to expect a lifetime in the order of tens of years,

providing that transient adiabatic heating is not so great

as to cause catastrophic damage. Transistors, moreover,

do not experience the pulsed thermal shocks which damage

thyristors when high currents are required to flow through

small turned-on regions. A transistor with dimensions com-

parable to those typical for a thyristor inverter will turn

on in around 0.5 nsec, the time required for the base signal

to propagate across the base. Within the same period of time,

approximately 0.001% of the total thyristor area will con-

duct. However, transistors can be driven into unstable oper-

ation relatively easily, particularly when switching inductive

loads, and catastrophic failure can quickly result once a

transistor has been driven into an unsafe power dissipation

region.

3. Summary

Transistor switches have an advantage over thyristors

insofar as they will turn off, they are not dv/dt limited,

and their di/dt values are not constrained by small conduc-

tion volumes. However, available transistors are not capable

of supporting the very high oulsed currents required in pulsed
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power switching. Furthermore, the transistor has poor

surge capability; that is, for a given base current, it

must go out of saturation to accommodate higher collector

currents. Simultaneous high voltages and high currents

occur, and the possibility of burnout is considerable.

Finally, the transistor suffers the same limitaticns on

duty cycle as the thyristor imposed by recovery time and

thermal dissipation.
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A. Introduction

Spark gaps are among the most widely employed switches

in pulsed power technology. They cover an impressive range

of voltages, currents, Coulomb transfer, rep-rate, etc. When-

ever a special switch is needed for a special application the

first thought is usually to employ a spark gap. Only a

limited range of spark gaps are available, off-the-shelf,

because of the extremely wide range of applications and re-

quirements.

Because of the widely different applications and the

"make-as-needed" manufacturing of spark gaps there has been

very little uniform testing and/or specification of spark

gap performance parameters. This makes it very difficult

to make an organized comparison of the various gaps since

most of them have not undergone the same testing procedure.

Spark gaps also come with a wide range of shapes (e.g.

coaxial or rail geometry), trigger methods (e.g. field dis-

tortion or trigatron), and dielectrics (vacuum, gases,

liquids, or solids). For the purpose of this report we

have subdivided the spark gaps according to the dielectric

medium. The solid dielectric spark gap is described,

however, in Chapter VI.

The basic factors involved in designing spark gaps

are the field geometry, the dielectric material in the gap,

I I II .... j
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the temporal history of the applied voltage, the load character-

istics, and the rep-rate and life requirements. Reference [1]

gives an excellent review of the effects of field geometry and

the properties of a wide range of dielectrics under various

conditions. Suffice it, therefore, to point out here the

general concept of "field enhancement" factors [i]. For

a general 2-element electrode structure the field enhancement

factor f can be defined as the maximum electric field1

strength divided by the average electric field. The maxi-

mum electric field usually occurs at the electrode with

the smallest radius of curvature and the "average electric

field" is defined as the potential difference between the

two electrodes divided by the smallest electrode separation.

The factor, f1, is thus a measure of how much stronger the

field is somewhere in the gap than for the parallel plate

geometry. Another fie A factor f2 is derived from f1 by

multiplying it by the ratio of the maximum system dimension

to the minimum electrode separation (R/r = p). The factor

f2 as a function of p always has a minimum and its impor-

tance is in the fact that at f the maximum field stress2min

in the system has its lowest possible value for a given geo-

metry voltage, and system size.

As an example, consider two concentric cylinders of

radius r and R (R > r). The average electric field is

V /(R-r). By definition f1 = E max/E avg It is easy to show
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that f R- r w gR R - r R/r.
1 rZnR/r which gives 2 R(-r ) rnR/r) Xn R/r

Setting the derivative of f2 with respect to R/r equal to

zero, one finds that the minimum stress occurs at R/r = e

2.718 ... The maximum field values for a given applied

voltage, U, and several typical geometries [2] are given

in Table IV-I.

In some cases it may be desirable to have an electrode

configuration with the maximum field uniform and in the

center of the electrode system. Examples of this kind of

electrode arrangement are Rogowski [3] and Bruce [4] pro-

files. Both are essentially the same but the latter is

easier to fabricate. The breakdown strength of a nonsymmetric,

non-uniform field gap tends to be polarity dependent. For

instance the vacuum insulation of a gap is less when the high

field region is negative than when it is positive, due to

electron field emission. In gases (depending on pressure)

and liquids the opposite tends to be true, probably because

space charge effects at the negative electrode modify the

electric field [i]. The polarity effect tends to be en-

hanced for short, fast pulses.

The electric breakdown strength of dielectrics is also

area dependent. The larger the cross-sectional area, the

lower the dielectric strength. This can be expressed, for

a continuous probability distribution, as [1]:

ncum Pbd = 1 (-cump)
n
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Confiouration Formula for F

Two parallel ,0 :
plane plates a a

Two concentric U r + a
spheres K3 a r

Sphere and ,( 9oU r + a
plane plate 0. ar

Two spheres at a 0.U r + a/2
distance a from r

each other

Two coaxial U

cylinders a 2.3 r Ig r + a
2rO r

Cylinder parallel Uto plane plate 0.9 r+a2.3 r lg r
r

Two parallel U/2
cylinders .3 r+a

"a2.3 r Ig r

Two perpendic- 09 U/2
ular cylindars 0.9 2.3rlg r + a/2

Hemisphere on 3U'(a >>r)
one of two paral- a r
lel plane plates

Semicylinder on 2Uone of two paral- 2r a;( >>r)
lel plane plates T

Two dielectrics
between plane U E1
plates (aI > a2) a--0i + 82 i

Table IV-1 Maximum field strength E with a potential difference U
between the electrodes, for different electrode configurations. t'2]
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where cum Pbd is the cumulative probability of breakdown
n

at a given voltage for n identical areas in parallel and

cump is the cumulative probability for breakdown at the

same voltage for one area (e.g. If cump = 0.01 and n = 100

then cum Pbd = 0.634). Impurities or bubbles in the die-

lectric medium (solid or liquid) tend to lower the break-

down. In liquids this can be particularly severe for long

stress-times, polar impurities, or impurities with exception-

ally high dielectric constant (such as water). For cavities

in solids the dielectric degradation can be a gradual pro-

cess caused by local discharges inside the cavities.

Electrode materials and surface conditions also affect

the electric breakdown strength of a gap. Rough surfaces

tend to lower the breakdown strength and at high field values,

materials with low work functions tend to (but not always)

give a lower breakdown field. Dielectric coatings on the

electrode surfaces can often improve the breakdown strength

in vacuum [5], gases [6] and liquids [7].

The breakdown field is also time dependent. For a

rapidly rep-rated gap the breakdown field depends, of course,

on the immediate past history of the gap. Even for a "fresh"

gap, however, the breakdown field is time dependent. Pulse

charged gaps tend, in general, to exhibit higher breakdown

fields than statically charged gaps. If the pulse is shorter

than the formative time lag (see Appendix I) of the discharge

then the hold off field strength can be dramatically improved

(up to factor of 100 for t < 100 ns in large vacuum gaps).

mI
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A limiting factor in some spark gap designs is the sur-

face flashover of the insulating spark gap housing. The

surface flashover potential is generally less than for the

same distance in the gap dielectric medium. Some materials

exhibit better tracking properties (1] and less permanent

voltage degradation than others. The general topic of sur-

face flashover is a complicated one and still the subject of

much research since it is a limiting factor in many high vol-

tage designs. Some general rules such as using voltage grad-

ing (e.g. metal plates providing capacitive grading for pulse

charged gaps or grooves in the dielectric) and/or materials

with dielectric constants which match that of the ambient

environment (air, oil, etc.) help to reduce this problem. The

issue is not addressed in any detail here since it is not

considered to be a basic aspect of the switching operation.

The development of pulsed charged, single shot, spark

gaps has reached a high state-of-the-art as shown in Table

IV-2 [8]. Some of the experiences with these limited life-

times (< 10,000 shots) gaps show that SF6 and Molybdenum

work particularly well and that SF6 and brass, which is

cheaper, also work quite well.

A brief review of spark gaps, centered around the work

at Culham Laboratories is given in ref [10]. This review also

has a fairly long list of references to earlier work.
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In the following we discuss the basic features of

various spark gaps (according to the dielectric medium

classification) along with special aspects such as trig-

gering, erosion, and rep-rating.
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B. Gas Gaps

1. Introduction

Gas filled gaps are commonly used and have the principal

advantages of low losses, self-healing, and moderate shock

problems in rep-rated operation. The basic theory of gas

breakdown is summarized in Appendix I. The fundamental as-

pects of gas breakdown theory are reasonably well understood

on a static basis. For very high fields and rapid discharges

things are less well understood. The admixture of various gases

also causes additional complexities. The presence of meta-

stable atoms may, for instance, have profound effects on the

recovery rate of a gas. The well-known Penning [11 effect

can have drastic effects on the breakdown strength of

a gas. This effect occurs if a small gas admixture has an

ionization potential which is just below the metastable

level of the parent gas such that the probability of energy

transfer during a collision is high. This effect is parti-

cularly dramatic for argon mixed into neon as shown in Fig.

IV-1. In some sealed gaps, radioactive gas mixtures, such

as Kr 85 and Tritium, are used to reduce the statistical time

lag by providing the seed electrons for the discharge formation.

The breakdown in a gas is strongly dependent upon the

Townsend a-coefficient which is the number of free electrons

produced per unit length by one electron through collisions.

This then indicates that a high breakdown field strength
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should be obtained for gases with high ionization potential,

large cross-sections (big molecules), and at high pressure

(many molecules and high collision frequency). This is in

general true, although the pressure effect tends to saturate,

but an even bigger effect on the breakdown strength comes

from the attachment coefficient of electronegative gases,

such as SF6 which has an electric strength about 2.5 - 2.8

times that of air. Just a small admixture of SF6 into N2

or air will increase the electric strength considerably

(e.g. 10% SF6 in N2 about doubles EBD).

The final selection of a particular gas depends upon many

factors, such as cost, chemical reactivity, toxicity, etc.

Commonly used gases (technical gases) include air, N2 , SF6 ,

Freon, and CO2 . One should note, however, that both SF6 and

Freon decompose into toxic products at high current discharges

and that appropriate precautions must be taken. Air is obviously

easily available and once dried and purified works quite well

in many applications.

Because of field-distorting corona discharges in high

voltage gas gaps it is difficult to predict the exact break-

down strength of a nonuniform field gap. Polarity effects

can often be both pressure and field enhancement dependent

[2] and can be of opposite sign for different pressures and

different field enhancement factors.

The breakdown strength is independent on frequency for

f < 20 kHz. At higher frequencies the electric breakdown

6 __ __ _ _
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strength is gradually reduced, especially in gaps with high

field enhancement factors.

The breakdown properties for pulse-charged gaps depend

upon the pulse shape and length and the statistical and for-

mative time lags of the gas. The formative time lag of various

common gases has been studied [3]. An empirical equation [4]

relates the breakdown field to the pulse length and gas:

k = F t1 / 6 d1/ 6  (IV-l)

where F = Maximum voltage divided by gap length (Average field)

t = time in us voltage is above 63% Vmax

d = gap distance in cm

k = constant which differs for various gases, pressures,
and polarities [4] (Typically k nu 50)

A certain "magic" gas mixture of approximately 90% Ar and

10% SF6 has gained popularity for use in multichannel switches

(e.g. rail gaps). This mixture seems to give better and more

reliable multichanneling than other gases. It is speculated

that the reason may be the anomalously high resistive phase

of SF6 at pressures below 10 psig [5]. This may provide an

initial resistance which allows the other channels to form.

Several past studies review spark gaps in more or less detail

[2, 6-10].

2. Gap Design and Performance

a. General Comments

In this section the geometrical configuration, the design

and some performance parameters of gas filled spark gaps are
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considered. The triggering aspect is discussed separately

in the next section.

The main geometrical configurations are coaxial and

stripline (rail gaps). The coaxial gaps are the most commonly

used ones in fast pulse service. They are relatively easy

to construct and typically have an inductance of a few 10's of

nh. The rail gaps logically fit certain stripline geometries.

They require very fast rise time trigger pulses and typically

have an inductance of a few nh. Some highly develor coaxial

gaps are described in ref. [i] and an excellent 3e. ntion

of rail gaps is given in reference [5]. The field e -,rtion

triggered rail or coaxial gaps with off-set trigger -trode

can achieve jitters down to about 1 ns rms and can be triggered

down to about 35% of self breakdown voltage on the main elec-

trodes. By changing the gas type or pressure in a given gap

the range can, of course, be extended considerably. Jitters

as low as 0.5 ns have been obtained [12] using UV preillumi-

nation of the gap.

A general rule for designing reliable and repeatable

spark gaps is to design them so that the operation is dominated

by gas physics rather than surface physics. The statistical

time lag and hence the jitter can be reduced by strong preillumi-

nation of the gap gas and the cathode with UV-, and, X-radia-

tion and both the statistical and formative time lags can be

reduced with laser irradiation as discussed in the next section.

*Note added in proof: An extensive discussion of spark gap
preillumination is given by T. Noguchi, "Control of the Spark
Gap Switch by Irradiation," Translation FTD-lD(RS) T-2354-77.
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A discussion of avalanche statistics and the statistical

and formative time lags is given in reference [10] (Also

see Appendix I). Closure times of 50 ps or less with 25

ps jitter have been observed in highly overvolted, short

gaps with UV illumination [131.

An effort to reduce the jitter of overvolted gaps is

represented by the "rope switch" [14] which appears to be

similar to a switch developed by G. A. Mesyats' group [9]

and the "Sequence Spark Gap" [15]. The basic idea is to put

several switches (gaps) in series so that if one or two

gaps fire early the remaining gaps will keep the overall switch

open. The gaps firing late will get the total voltage impressed

across them and thus close more rapidly than otherwise. What this

achieves is to remove the upper and lower ends of the normal

distribution of the individual switch firing. The system has

shown to improve the jitter and standard deviation by a factor

of 3 over single gap performance. At high electric fields

(E > 105 V/cm) certain new phenomena take place [9]. The

gap is then observed to close faster than explained by the

normal avalanche-streamer theory (Appendix I) and microtip

explosions occur at the cathode surface.

For the uniform field case Martin [16, 17] has developed

a formula for breakdown (essentially the same as Eq. (IV-l)):

1/6 f/6EB te K6 (IV-I')
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where EBD = electric field

teff time where field is above 63% of EBD

K constant for a given pressure and gas

6 length of avalanche at instant of conversion
to streamer

This equation is useful for determining the length of surface

protrusions which will launch streamers.

A study which compared fast pulse breakdown of non-uniform

air gaps with that of uniform irradiated gaps [18] showed that

the breakdown was essentially inversely proprotional to the

rate of rise of applied voltage. It was also found by varying

the pressure, that, unless E > 100 kV/cm at the cathode sur-

face, the breakdown is delayed due to lack of field emission.

In discharges (RCL series circuit) where the circuit and

gap inductance dominate the discharge (high Q circuit) the
V

maximdi/dt , where V0 is the initial capacitor voltage

and L is the system series inductance. For very low inductance

circuits the channel resistance starts to play a role and for

the limiting case where the inductance can be ignored it has

been calculated [191 that, for air

di )3 Eo_
dt max 2Rt (IV- 2)

where E = Electric field (V/m)

R = Channel Resistance (0) at time tm mo

tmo = Time (s) at which max di/dt occurs

t = Channel length (m)
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It turns out that Rmtmo/ const = 10- 5 ohm-s/m

For Eo= 3 MV/m in air this gives a limiting value of di/dt

3 x 10 1 A/s for a single channel gap. This value can be in-

creased by pulse charging or by increasing the gap pressure

and hence the electric field [16, 17].

The delay between trigger and main-gap breakdown was

studied [203 in an air pressure trigatron gap for various

electrode spacings and various main-gap V/VBD ratios. It

is found that Tdelay - f(V) is exponential for V > .5V

and that T is polarization dependent, expecially for

high V/VBD ratios. A parameter study (21] of a given field

distortion spark gap may also be useful to other designers

in that it provides trend-curves which may have wider appli-

cation.

The prefire of a gap can often be a problem, especially

in large systems where many gaps are supposed to fire in

unison. In heavy duty gaps with large erosion this problem

can become especially serious. A study [22] of a field dis-

tortion gap which passed a peak current of 400 kA and 28 C/shot

showed that the prefire probability became less than 5 x 10-

if the air pressure was 50% above the self breakdown pressure

at the 50 kV voltage used. Few studies of this nature have

been carried out, probably because of the large number of

shots needed to get statistically significant results when

the prefire probability is low. Some investigations were

_ _ _ j
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made however, [23] in connection with the Marx generator spark

gap development for AURORA.

The Coulomb handling ability of spark gaps is often of

interest. In single shot operation, at least 250 C/shot

have been successfully handled in a relatively high induc-

tance (100 nh) gap [24]. The Mark IV and V switches at

Culham Laboratory, UK also have impressive Coulomb and current

handling capabilities. The Mark IV gap, which has 12 nh

inductance can handle up to 0.5 MA and pass up to 50 C/shot

for a total of some 100 kC. The Mark V gap handles up to

1.5 MA and 100 C/shot (at 200 kA) with a total life in excess

of 1 MC. These gaps use brass main electrodes and "heavy

metal" trigger electrodes. Tests have been made of similar

(25] gaps at currents up to 400 kA at 8 C/shot and 8 ppm

for a total of more than 1 MC without significant performance

deterioration. Low inductance ( 10 nh), multichannel, high

voltage (-150 kV), high current ( 1.5 MA), high Coulomb (50

C/shot) gaps have also been developed at LASL [26]. Some of

these gaps also have exceptionally low minimum main gap

switching voltages (wide switching range).

In heavy duty operation various chemical reactions between

the gap gas and the electrode material can take place and

shorten the lifetime due to build up of the reaction products,

unless the gap is carefully flushed. The physical orientation

of the gap can therefore sometimes be important due to gravity

f the
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settling of these reaction products. The whole topic of

"spark gap" chemistry seems to be very poorly understood.

Most people refer to the reaction products as "blue crud,"

"gray crud," etc. Very few chemical analyses of these pro-

ducts seem to have been made.

The best electrode material in spark gaps seems to be

some tungsten or maybe molybdenum compositions such as the

elkonites which contain various mixtures of tungsten or

molybdenum together with copper and/or silver (e.g. elkonite

3W3 has 32% Cu and 68% W). These materials retain some of the

refractory properties of tungsten and molybdenum and also

the high thermal and electric conductivity of copper or

silver. Similiar materials have been used in Europe and the

USSR and have generally been found to have superior perfor-

mance in terms of jitter and lifetime (erosion). Just which

composition is best is not clear. Some of the compositions

used in the USSR are, for instance, quite different from the ones

used in the U.S. The USSR ones often include nickel (e.g.

TNC (95% W, 3% Ni, 2% Cu) and TNF (90% W, 7% Ni, 3% Fe)),

while others are similar to the elkonites (e.g. AVM (70% W

and 30% Cu)). The manufacturing process of these compounds

also appears to be important. They apparently can be made

either by cintering the tungsten and the high conductivity

materials together or by cintering the tungsten first and then

letting molten high conductivity material penetrate into

this matrix (sponge) structure. Some preliminary experiments
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indicate that this difference in manufacturing technique

is an important one [27]. A careful investigation into

the performance of these different materials is needed.

In many cases, of course, the material selection is

also dictated by cost, availability and machinability.

A good choice is then often brass which also has good

erosion properties (see Section on Electrode Erosion and

Heating). A common choice, which by personal experience

has proven usually to be poor, is stainless steel which

seems to combine "too low melting point" with "too low con-

ductivity" in an unfortunate way. Pure tungsten also seems

to have difficulties due to crystalline growth problems [281.

b. Summary of Spark Gap Performance

In viewing the following performance parameters one should

be aware that the usual case for a spark gap is to measure

just the parameters of interest to a given application.

Seldom or ne"'er are all these parameters carefully checked

for a given gap and the values given are thus somewhat un-

related (e.g. the maximum voltage and current are certainly

not directly related to the rep-rate values given here).

Voltage Standoff

In a gap with proper envelope design the breakdown

voltage depends on the field enhancement factors, f1 and

f2 discussed in the previous section, as well as the gas

type and pressure, the electrode material (for high field
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cases), the surface conditions (pits, micro-protrusions,

etc.) and the pulse charge time.

For extremely high voltage gaps the standoff is, in

practice, more limited by surface flashover, inside or

outside the gap envelope, than by the gap design itself.

Values as high as at least 12 MV have been obtained for a

pulse charged gap.

Peak Current

This depends to a large extent on the number of shots

one expects the gap to function, within some specified

performance limit (usually prefire probability, delay, and

jitter). Under the assumption that one would like to have

a life of at least 1000 shots it seems as if - 4 MA is the

limit in practical switches. This depends, however, of

ones definition of "a switch." There is, for instance, no

fundamental physical reason why one could not build an

extremely long, multichannel, rail gap in one housing and

call it "a switch." Also, many individual discharge points

can be located around a very large circle in co-axial geometry

and all be located in one housing. The maximum current number

given is thus only a "reasonable number" (which has been

achieved at UKAWRE, Aldermasten). The maximum current per

arc channel, consistent with a "reasonable lifetime," seems

to be about 200 kA and the maximum number of arc-channels

about 20-40 per m of electrode length, although this last
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number depends strongly upon the rise time and magnitude of

the trigger pulse. (For the dielectric surface discharge

switch discussed in Chapter VI, channel spacings as short

as 0.5 cm were reported.)

Pulsewidth

Pulse widths as short as 0.4 ns have been produced. The

minimum pulse length is a function of the external circuit para-

meters and the recombination of the gas. Pulse lengths in the

ps range are fairly common for spark gap operation and the maxi-

mum single shot pulse length at a given current is basically

limited by spark gap cooling, especially of the electrodes.

(Typical current values for continuous operation are in the

kA range.) In rep-rated operation the maximum pulse length

depends upon the desired rep-rate and the gas type, pressure,

flow, etc. In other words, the recovery time between pulses

(trecov5 .3 ms) in relation to the rep-rate determines the

pulse length.

di/dt

This is limited primarily by the inductive and resistive

time phases of the gap during the formation of the arc. di/dt

=5 x 1014 A/s has been obtained in multi-channel gaps [29].

For single channel gaps in air at atmospheric pressure a maxi-

mum di/dt - 3 x l0l A/s is calculated (see Section IV.B.2.a).

This can be increased by increasing the gas pressure.

Delay Time

This is primarily limited by the statistical and the for-
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mative time lags. At high gap voltages (V-V BD>10 5V/cm) and

with preillumination or laser triggering the delay can be

less than 1 ns.

Jitter

This depends largely on the statistical time delay

(see Appendix I). Jitters in the 100 ps range have been

obtained with laser triggering. For regular field distortion

or trigartron gaps, it seems like the lowest practical jit-

ter is -1 ns. This can be improved, however, by preillumi-

nating the gap, especially the cathode, to produce electrons

and thus reduce the statistical delay ts which is the ultimate

limitation (i.e. the availability of the first electron(s)).

Ultraviolet triggering of overvolted, short gaps has been done

with 25 ps jitter.

Pulse Repetition Rate

This depends upon the plasma deionization, the gas de-

excitation, the gas and electrode cooling rates, and the gas

flow rate and geometry. It also depends on whether or not

one expects 100% voltage standoff recovery between shots.

At nearly full voltage recovery in a sealed gap the maximum

repetition rate seems to be a few hundred pps, limited

primarily by the gas cooling rate. With a flushed gap and

full voltage recovery, it seems that approximately 3 kpps

is the limit but this may possibly be improved by a factor

of a few (not 10) by clever airflow design. The limit is
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the flow speed and the fact that the active discharge volume

must be moved more than one electrode separation distance

away before the gap recovers.

At somewhat reduced voltage recovery, gaps nave been

operated up to 300 kpps in the "Quenchatron" configuration

[30] and up to 100 kpps with 10% recovery in a "regular

gap" [31]. The "Quenchatron" operates at about .5 to 5

kA and 6 to 12 kV. A more detailed explanation of the factors

affecting rep-rated operation is presented in Section 4.

Average Current

This is primarily limited by the gap cooling, especially

the electrodes. With only gas flow cooling, average currents

of <100 A [32] were obtained for 10 s run times without any

apparent excessive electrode damage. The effort in this work,

however, was to reach high average power rather than high

average current. No information has been found on the aver-

age current with water cooled electrodes except for D.C. arcs

where kA's are used.

Duty Cycle

There is no real limitation since the gap can, in princi-

ple, be run continuously. In rep-rated operation, there must,

however, be approximately a 0.3 - 10 ms grace period between

shots (see "Pulse Repetition Rate"). The exact value depends

on the operating conditions as explained earlier.
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Recovery Time

In a sealed gap this is limited by plasma recombination

and gas and electrode cooling to about 5-10 ms for recovery

to full hold-off voltage. In a gas flow gap it is ultimately

limited by sonic flow speed and aerodynamic effects but trecov

0.3 ms seems possible. Recovery to and operation at less

than 100% hold-off voltage is, of course, possible on shorter

time scales.

dv/dt

The dv/dt is limited by the same basic factors as the

pulse repetition rate discussed earlier. No extensive in-

vestigations have been found but a ! Z 250 V/ps was demon-
dt

strated [321.*

Rise Time

Current rise times ("gap closure") as short as 50 ps

have been produced in short, overvolted; UV triggered gaps [13].

Coulonibs/Shot

This depends to a large extent on the expected lifetime

without excessive delay, jitter, or prefire degradation.

At present, 250 C/shot has been demonstrated [24] but this

can probably be extended somewhat. The main limitations are

electrode damage and shock damage to the spark gap housing

(not a trivial problem).

*Note added in proof: A dv/dt = 25 x 106 v/ps is advertised

for a commercially available gap [62].
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Lifetime

2.6 MC total charge transfer has been demonstrated

at 53 mC/shot [33]. The ultimate limitation is the allow-

able electrode erosion before excessive deterioration in

performance. In principle, one can use continuous feed

electrodes and extend the lifetime considerably. The

erosion problem is complicated and poorly understood. The

ultimate lifetime is thus a function of many parameters,

as discussed in Section 5 and insufficient information is

available to give a firm number.

3. Triggering of Spark Gaps

a. Conventional Triggering

Triggering of gas filled gaps is generally achieved by

one of the following methods: Arc initiation (trigatron),

field distortion, laser triggering (described separately in

section IV.B.3.b. of this report), e-ben.i triggering (des-

cribed separately in Chapter VI of this report), and UV

irradiation.

The first method involves striking an arc from a trigger

electrode to one of the main discharge electrodes, thus

initiating the breakdown process, both by providing the initial

electrons directly, and by gas volume photoionization and

local field distortion. The details of this breakdown pro-

cess are not completely understood but a fairly comprehensive

discussion of it is given in Ref. [8]. The most common

arrangement is the trigatron [34] configuration shown in Fig.
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IV-2 which can be reliably triggered at gap voltages down

to about 50-60% of the self breakdown voltage. The relative

polarity of the three electrodes is very important [35] for

achieving a wide voltage operating range and a short delay,

as indicated in the figure. These results disagree somewhat

with those of Shkuropat [36], who agrees that the -, R, +

polarity combination is the best but who feels that the +, R,

+ combination is the worst one. For good performance of a

trigatron, the following recommendations are made:

(1) Use nearly uniform main gap field with a field

strength of at least 20 kV/cm.

(2) Design the trigger electrode location to cause

minimum field distortion.

(3) The trigger voltage should be several times higher

than the self-breakdown voltage of the igniter gap and

have a fast rise time and low circuit impedance (low

voltage drop during pre discharge current phase).

(4) The igniter gap should be physically large but con-

siderably smaller than the main gap distance.

(5) The igniter pulse should have about the same voltage

as the main gap voltage and last ,, 10 ns.

(6) Keep a clean gap.

When working at tens of kV and above 80% of self breakdown

voltage trigatron gaps can be triggered with a few nanoseconds

delay and a few tenths of nanosecond jitter using a trigger
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pulse voltage about equal to the main gap self breakdown

voltage. A study of the triggering properties of high

voltage (MV), SF6 filled trigatrons is described in ref.

[371.

The field distortion triggering works by driving an

inter-gap electrode which was located on an equipotential

surface towards or behind the potential of the nearest elec-

trode (see Fig. IV-3). This distortion of the natural field

produces a very high field at the edge, initiating the break-

down process.

These gaps can easily be scaled to higher voltages by

moving the "distant" electrode away so that the trigger elec-

trode remains at constant potential with respect to the "near"

electrode. The trigger electrode is also often located in

the midplane between the main electrodes. In general, it

appears that the field distortion trigger is better than the

trigatron system with regard to reliability and life. A

particular trigger mode of three-electrode gaps, known as

the Swinging Cascade, [38] helps reduce the breakdown delay

and jitter. Preillumination [8] has also been used to improve

the performance of these gaps. The various principal trigger

configurations for field distortion switches are shown in

Fig. IV-4.

A flux of photons which either directly ionize the gas

in the gap, or which cause photoemission from the cathode

surface can also be used as a trigger. In the latter case,
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one wants very short wavelength illumination although this

causes problems with abosrption in the air if the light

source is located too far from the gap. One of the advantages

of photon triggering is that the trigger circuit is electrically

isolated from the main circuit. This implies, however, oper-

ation with relatively low voltage gaps since the light source

(usually the arc from another spark gap) otherwise must be

moved too fa: away from the gap. It is obviously possible

to improve this somewhat by using an appropriately designed

reflector system behind the light source. Also, this trigger

method is most useful for gaps which operate very near the

self-breakdown voltage, since the photo-emitted electrons

only causes about a 10% field enhancement [8] in the gap.

The threshold wavelength for photoemission from most
o

surfaces is 2600-3000 A, but the emission increases for

lower wavelengths. The minimum breakdown delay time when

using a statically charged gap is approximately the electron

drift time from the cathode to the anode. At this time, a

strong field enhancement at the anode causes the gas break-

down. The spread in this delay is less than 2 ns. This

spark gap trigger method is often used in Marx generator

systems which are arranged so that the light from one gap

illuminates the next gap and so on.

Gaps can be thermally triggered (391 using a heating

filament which causes a local gas density perturbation. The
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breakdown delay in this case is in the 10's of psec range

and the jitter is relatively large. A spark gap can obviously

be triggered mechanically by inserting a mechanical field

distortion object into the gap region, e.g. push a rod through

a hole in one of the electrodes (used for instance on the Ion

Physics Co. FX-15 machine). Spark gaps have also been trig-

gered with exploding wires, [40] plasma jets [41], and x-rays

[42].

For multichannel gaps (e.g. railgaps) it is important

to have a high dv/dt in order to obtain the multichanneling.

There seems to be little quantitative information about the

exact trigger requirements but a dv/dt of about 1013 V/s

seems to be needed. From ref. [43] we almost quote:

"The multichannel gap trigger operation is

sometimes referred to as simultaneous ignition of

a three-electrode gap. The trigger electrode is

placed symmetrically between the main electrodes.

Multiple channels are obtained by driving the

trigger electrode capacitance with a very fast

rising voltage. The rapid change in the trigger

i-lectrode potential distorts the main gap electric

field at the sharp edge of the trigger electrode which

produces a cloud of corona electrons at the trigger

electrode. This initial corona discharge of elec-

trons and the total voltage applied between the gap
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electrodes creates streamers from the trigger elec-

trode to both the main electrodes closing the gap.

This behavior is common to all of the switching

modes. At this point the characteristics of

the trigger circuit and the main discharge cir-

cuit enter into the triggering characteristics

of the gap. Basically, multichannel trigger-

ing operation can be divided into two classes

determined by the quantity a, which is the ratio

of the gap self-breakdown voltage to the voltage

at which the gap is to be triggered. For a >> 1,

the trigger system must supply much more voltage

and energy to the gap than for a > 1.

The current risetime of the main discharge

circuit, TI, also affects the trigger system re-

quirements. After the corona streamers have

closed the main gap, the trigger system must de-

liver energy to these arcs to open and sustain

the current paths fully until current from the

main discharge circuit can sustain the arcs.

When T1 is large, the trigger system must deliver

much more total energy than when Tl is small, as

in a high-voltage, low-inductance circuit. All

of the multichannel arcs must be conducting high

current on a time scale of 1 to 2 ns. This re-

quires a very low inductance trigger circuit and

location of the trigger energy as close to the gap as

possible.
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For multichannel gaps operating between 10 and

125 kV, a trigger pulse amplitude of 200 kV with a

risetime of 20 ns is sufficient to produce multiple

channels. The critical parameter is dv/dt. Generally,

a trigger pulse rate of rise of 10 kV/ns is sufficient

to produce multiple arc channels in air. However,

the faster the rate of rise, the better. A faster rate

of rise produces more numerous, uniform arc channels

with the trigger energy equally divided. To increase

the rate of rise in the trigger electrode potential

initiating switching, pulse-sharpening gaps can be

used. The pulse-sharpening gap can decrease the

trigger pulse risetime to as low at 10 ns.

The polarity of the trigger pulse is important

especially in gaps where a >> 1. Tests indicate a

negative polarity trigger pulse is essential to

simultaneous ignition of the gap regardless of the

main discharge bank polarity. This is to be expected

since the trigger electrode is meant to act as a

source of corona electrons. Applying a positive

potential to the trigger electrode, especially where

a>> 1, causes the gap to cascade and delays the

current flow randomly from 0.3 ps to 100 ps. When

the cascade delay occurs, the switching action is not

the multichannel mode, but a single arc channel. With

the negative trigger polarity, however, the delay for
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current initiation is less than 1 ns. Similarly,

the jitter for a properly triggered multichannel

gap is less than 1 ns.

The delivery of trigger energy to a multi-

channel gap is extremely important. The best re-

sults have been obtained when the trigger system has

a low impedance (capacitance instead of cable), and

is physically located close to the gap. This arrange-

ment provides for low inductance and fast trigger vol-

tage and current risetimes."

It has also been suggested that the voltage risetime of the

trigger pulse, AT, should be [44]

AT < 0.1 te + 0.8 ttrans  (IV-3)

where te = total e-folding risetime of main pulse
(te = t + tL) (See Section IV.B.6 for definitions
of symbols)

ttrans = distance between channels divided by local speed
of light

Both of these times, te and t trans , are functions of the

number of channels in a given gap. A study which includes

the effect of the external circuit impedance [45] concludes

that the most important factors in obtaining multi-channel-

ing are: 1) adequate gap-voltage decay time (say, 15-20ns),

2) small spread in breakdown time between channels, and 3)

high ratio of effective arc inductance to total gap inductance.

A related study [46] describes the parallel operation of

sparkgaps without transit time isolation. An early, but
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still very useful analysis of sparkgap triggering is described

in ref. [38].

b. Laser Triggering

The work on laser triggered spark gaps was pioneered by

A. H. Guenther, et.al. at the AFWL and is summarized in two

recent, extensive review papers [10, 47]. The basic reason

for using laser triggered switching (LTS) is to reduce the

jitter and turn-on time and to produce multiple gap and/or

multichannel triggering. Triggering of voltages in excess

of 3 MV and repetitive switching at rates up to 50 pps with

subnanosecond jitter has been achieved. Solid, liquid, gas,

and vacuum dielectric media have been used. There is a large

body of work in this area and the theory of the LTS is quite

well understood. The basic trigger arrangements are shown

in Fig. IV-5. The best arrangement for most cases is the

coaxial arrangement where the laser strikes the positive

electrode. A typical set of measurements (_10 shots/point)

of delay and jitter vs laser power are shown in Fig. IV-6

and Fig. IV-7, respectively, and demonstrate that low delay

and jitter can be obtained.

The gap is closed by streamer propagation which is 10

to 100 times faster than obtained from Townsend avalanche

formation. The details of the streamer formation process

also usually results in the fastest discharge when the laser

is focused on the positive electrode.
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The trigger energy threshold depends upon the experi-

mental conditions, but is typically in the millijoule range

(as low as 5 iJ has been demonstrated). The effect of the

electrode material has been studied and it is generally

deemed best (least delay) to use tungsten at the focal spot

(followed by SS, Al, and brass).

The main advantage of the LTS is in applications where

low delay and jitter (Zl ns) and low prefire probability

are required. The criteria for high performance are summar-

ized in Table IV-3 and some demonstrated capabilities in

Table IV-4. With the development of reliable, rep-rated

lasers it also becomes of interest to consider further the

use of laser triggering for rep-rated operations. The com-

bined use of laser triggering and fiber optics for multigap

systems may lead to improved system performance with little

or no cross-talk between trigger channels. Although much

of the LTS work has been carried out with rather long wavelength

lasers (up to 10.6 pm) it should be advantageous to use

short wavelength lasers, such as nitrogen with X = .3371

Pm.

4. Rep-rated Operation

In order to operate a spark gap in a rep-rated mode one

must consider the electrode heating and erosion, the gas

cooling rate, the deionization rate of the discharge plasma,

and the de-excitation rate of the gas. The recovery rate is
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Table IV-3

High Performance LTS Criteria [47]

1. Use high brightness laser (high power, low beam divergence).

2. Use short focal length lens to increase power density at
target electrode.

3. Focus laser beam slightly (few mm' behind target electrode.

4. Use coaxial geometry.

5. Use smallest possible aperture in electrode for laser beam.

6. The target electrode should be charged positive.

7. Use Tungsten insert on target electrode to reduce erosion
and maximize ionization.

8. Operate as close to self-breakdown as possible at low
prefire probability.

9. Prevent 1800 Stimulated Brillouin Scattering.

10. Optical components should be limited in number and be
of good quality and have high transmission.

11. In gases use high pressure, high reduced fields (E/P).

12. Add some gas such as Ar which has large photo-ionization
and collisional cross-sections.

13. Use short gaps.

14. For solids use graded dielectrics to reduce rise times.

15. For liquids care must be exercised to reduce dynamic
loading of optical components which should exhibit good
mechanical design and strength.

16. Jitter will be minimized when the delay is less than the
laser pulse width.
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Table IV-4

LTS Demonstrated Capabilities [47]

Voltages > 3.5 MV

Repetition rates to 50 pps

Multi-channel (2) rise time reduction of 1/2

Multi-switch synchronization @ 50 pps at < 0.1 nsec jitter

Guidance of long discharges > 40 m @ 5 MV

Low delay << 1 nsec

Low jitter < 0.01 nsec

Discharge voltage control in pulse charged gaps

Dielectrics of solid, gas, liquid, vacuum, semiconductor

I
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a complicated topic for analytical study. A review by

Milde [48] lists the following gases in order of increas-

ing recovery times: H2, SF6, CO2, 02, He, Air, N2, Ar.

Charge carrier removal in a gas can occur through

recombination, diffusion, attachment, mass flow (gas

flushing), etc. In a non-flowing gas all other processes

are all usually slower than the temperature recovery of the

gas (recall that the recombination processes release heat

in the gas). The limitation on the recovery of a static

filled (no gas flow) gap is thus usually the temperature

recovery --L the gas since the high gas temperature lowers

the local gas density and hence the breakdown strength.

The tem-erature recovery is a complicated process which

depends upon radiation, conduction, convection, electrode

cooling, etc.

Increasing the gas pressure improves the recovery rate

as does, obviously, gap gas flushing. The recovery rate is

also dependent upon the electrode material and elkonite

appears to be one of the best materials 149]. This is probably

related to the surface melting and possible electron emission

from the electrodes. This then also favors electrode cool-

ing. Frngel (30] has developed a special spark gap ("Quencha-

tron") with a series of metal discs which effectively con-

stitutes a large number of series connected gaps where the

multiple electrode discs help to cool the gas. Because of

the larger arc volume and distances involved one expects
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the recovery time to increase with the arc length and hence

the electrode separation.

The recovery rate is often quite flat (low dv/dt) early

in the recovery period 150) and care should be taken to

tailor the voltage stress pulse accordingly in cases where

the maximum rep-rate is needed (see Fig. IV-8J. Once the

gas has cooled below % 1800 0 K the electric strength is

largely dependent upon the gas density.

The recovery of air gaps of 2 to 10 mm length with no

gas circulation was investigated [51] after the passage of

various current pulses in the approximate range of .65 kA,

1500 ps to 20 kA, 10 is. The electrodes were hemispherical

with 3 cm radius and were made of steel and copper. After

long, low current pulses the recovery was low for 1-2.5 ms

followed by an approximately exponential recovery to 90%

over 25-100 ms. For short current pulses the approximately

exponential recovery started after \, 200 ps and was completed

in 5-10 ms. The recovery is shortest for small electrode

spacings and about the same for copper and steel electrodes.

The rep-rate that can be used for a certain gap is

obviously dependent upon the desired recovery voltage. For

a sealed gap with 90% voltage recovery and the parameters

indicated above a maximum rep-rate of a few hundred pulses

per second is implied.

It seems at first that if a gap can be triggered at a

main gap voltage which is small compared to the self break-

down voltage then one can improve the rep-rate by using a
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large self breakdown to operating voltage ratio. It is,

however, not totally clear how the rep-rated operation

affects the trigger conditions although it has been sug-

gested [52] that the voltage at which the gap is trig-

gerable decreases with increasing rep-rate.

For heavy duty operation in a rep-rated mode it is

necessary to flush the gap in order to achieve a high rep-

rate ( > 100 pps). Several recent studies address this

problem [32, 53-57). One of the main problems with

these investigations is the difficulty in making reliable

tests of multimegawatt average power gaps. Most laboratories

just do not have the required power supply. One therefore

resorts to tricks such as "synthetic testing" [531 where the

high current and high voltage supplies are essentially

separate. In other words, one supply provides the low vol-

tage, heavy current during the conduction phase and one

supply provides the high voltage for the hold-off voltage

test. There is always some question in ones mind about the

validity of such tests as these or the use of ringing dis-

charges in erosion tests to increase the Coulomb/shot. It

is difficult to critize these approaches, however, until

comparisons have been made with a full-power test.

The limiting factor on the rep-rate of flowing gas gaps

is the gas flow itself, thus ultimately the sonic flow speed.

At very high gas flows one may, however, expect nonrepeata-

bility caused by gas density changes due to compressibility
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effects [58]. A rough rule is that the arc volume must be

transported at least an electrode separation distance

away. The gas flow must also be directed so as to prevent

the hot gas from direct contact with the insulator (gap

housing). This then generally implies some axially or

radially inward directed flow. Some [32, 53, 551 such

flow configurations have been investigated with a fair

amount of success. An example of one of the flow config-

urations is shown in Fig. IV-9. This gap [32] was tested

to 5.4 MW average power at 250 pps for 10 s runtimes with

Ip = 4.4 kA, Vp = 90 kV and Qmax = 240 mC/shot. The re-

quired gas flow was about 62 SCFM of air at a gap pres-

sure of 35 psig. Elkonite was found to be better than

brass as an electrode tip material in order to avoid arc

lock-ons. The gap was triggered by an electrode over-

voltage pulse and the negative electrode was pre-illumi-

nated with a spark plug discharge. In these investigations

[32, 53] gaps operating in the MW average power regime were

rep-rated up to 500 pps with a maximum Coulomb transfer

as high as 560 mC/shot. It was observed, but not explained,

that smaller diameter electrodes (2" vs 4") gave better per-

formance (higher operating voltage and less gas flow). An

interesting observation is that increasing the electrode

separation at constant gas pressure increases the restrike

probability. This is the opposite effect of what is expected

for a static gap and is due to the decreased gas flow speed
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in the interelectrode space. The accumulated lifetime, at

short runtimes was as high as 106 shots for one electrode

pair with very little noticeable wear.

Although some improvements in the gas flow geometry and

hence the gas consumption was made in this [32, 53] work it

seems as if this is still an area where much improvement can

be made. Charlie Martin [59] has, for instance, proposed a

new turbulent flow switch (Fig. IV-10). He predicts that

this switch should have a recovery time of n 0.3 ms (i.e.

n 3000 pps rep-rate) at a greatly reduced gas flow (factor

30?). A recent investigation [60] of a similar switch has

resulted in a 0.75 ms recovery time. Martin [59] has also

proposed some novel ideas involving shock waves and resonant

cavities to obtain a very high repetition rate switch.

A theoretical study [54] attempts to develop a numerical

model which describes the time history of the gas properties

in a gap in order to predict the dielectric recovery rate

of the gap. The work was coordinated with some of the experi-

mental work described earlier [32, 53, 55]. Important switch

parameters affecting rep-rated spark gap operation were found

to be:

Gas Flow Rate Gap Spacing

Gas Type Electrode Shape

Gas Pressure Electrode Material

Current Grace Period

Voltage Recharge Time

Charge Transfer Rep-rate
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This number of interrelated parameters indicates the magni-

tude and difficulty of this study [54] but a successful com-

puter model of the complex physical processes in a rep-rated

spark gap is certainly very important. From ref. [54] we

borrow a list of some recent rep-rated spark gap studies,

as shown in Table IV-5. In this model it is also predicted

that flow speeds above Mach 0.5 will actually increase the

restrike rate due to low gas densities associated with com-

pressible flow. A useful, empirical equation [54] which

gives the breakdown voltage of air as a function of pressure

and temperature was determined.

6.958 x 104 Z(cm)/T(*K)
VBD(kV) = £n(668,900 9(cm)/T(OK)) (IV-4)

In a recent pulser development [56, 60) some interesting

switches have been investigated at 40-100 pps operation. The

three switches in a pulser unit they investigated were a triga-

tron gap, a rail gap, and an overvolted gap. The trigatron

gap operated only at 30 A and 24 x 10- 3 C/shot. The gap is

flushed in a vortex manner similar to what is shown in Fig.

IV-9. Modest trigger insulator repair is required after

about 106 shots using copper electrodes. The rail gap switch

has cooled main and trigger electrodes with a unique flow

system to ensure uniform electrode cooling and debris removal.

The switch operates at 21 kV, 32 kA, and 36 x 10 C/shot.

For long runs (in excess of 105 shots) the rep-rate for the

system was 40 pps but shorter runs have been made at 100 pps.
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The trigatron and rail gap received minor service after 10 shots

but it is expected that the use of tungsten alloy electrodes

rather than the present copper and brass electrodes will in-

crease the life to at least 107 shots. Estimates of the life-

time of the overvolted gap which uses elkonite electrodes

is 109 shots. Measurements of the electrode erosions for

the various electrodes in these three gaps indicate that the

erosion is not just a simple function of Coulomb transfer but

also of the current density (see also Section IV.B.5).

Although air is obviously the cheapest gas to use in

a rapidly flowing system, such as what is needed in a heavy

duty, rep-rated switch, it is important to consider also the

use of alternate gases. In particular the use of SF6, Freon,

He, or H2 either alone or as an admixture to some carrier gas,

may prove interesting. For instance, SF6 with its high break-

down strength should lead to shorter gap distance and hence

reduced flow requirement. In addition one might expect bene-

ficial effects from its recombination and thermal properties

[611. Limited results [561 with SF6 indicate that at least

the gap spacing argument is valid.

An interesting rep-rated, triggered gap has been developed

at Lawrence Livermore Laboratory [57]. The gap uses a coaxial

trigger arrangement, as shown in Fig. IV-II. The achieved para-

meters are: 220 kV, 42 kA, five pulse burst at 1 kHz, 12 ns

risetime, 2 ns jitter, 50 ns pulse length. The gap has also

been tested at 1.5 kHz. The total lifetest so far is 105
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shots and the projected life is at least 107 shots. The

rep-rate was found to be less when operated near self break-

down of the gap. The operating gas was 80 psig of N2 with

6-8% SF6 in an axially flowing system. Tantalum is used

for the arc surfaces on the three electrodes.

It is not clear from the reported work [57] how this

switch will perform for long bursts or in a continuous rep-

rate mode. Switches very similar or identical to the one

described above are listed as commercially available [62].

The switches are listed as having a rep-rate from 1-2.5 kHz

with no mention of burst mode but it is not clear that they

have actually been tested in long continuous runs. The

life is indicated as 107 at currents of 30-40 kA and voltages

of 100-250 kV. The jitter is specified as being 1 ns. The
recovery rate is 25 x 10 12 V/s.

At very low energy or Coulomb per shot, spark gaps have

been operated at very high rep-rates in a self trigger mode

at reduced recovery voltage. Frequencies in the 100's of

kpps have been demonstrated. Special gaps for short (0.6 ns)

pulse widths and modest current rating (500-1000 A) have been

designed [63] using BaTiO3 discs in the interelectrode

space. These gaps have been rep-rated at 3 x 104 pps at

500 A and 104 pps at 1 kA with a 200 hr lifetime. A rep-rate

of 7 kpps at 500-600 A and 3 kpps at 1 kA with a pulse length

up to 7.5 ns were also achieved. The voltages were in the

2-8 kV range.
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5. Electrode Erosion and Heating

The question of electrode erosion and heating is obviously

an important one to the design of rep-rated, long life, spark

gaps. There has, to our knowledge, been no comprehensive,

careful study of this phenomenon. One of the problems is the

very large number of possible parameters that may affect the

erosion rate. Among these parameters are: !, Ip, fidt, fi2dt,

electrode material, gas type, geometry, polarity, trigger method,

electrode cooling, gas flow, rep-rate, etc. It is obviously

very difficult to arrange, at a reasonable cost, an experiment

',that can study each of these parameters independently of the

others. Also, since the erosion rate usually is in the 1-100

pgram/shot range, a substantial number of shots must be made

before an easily measurable mass change has occurred.

It is generally assumed that the electrode erosion is

closely related to the electrode surface temperature and re-

sulting melting and vapor jet formation. Early, work was

carried out by Llewellyn-Jones [641 and by Finkelnburg [65).

For instance, Finkelnburg calculates that the weight of metal

lost from an electrode is given by

=W grams
w = K 2 (IV-5)

where 
Qsec-cm

W = j V for the cathodeCC
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and

W a (Va + ) for the anode

(j = current density, V = electrode drop, 4 = work function,

Q = energy needed to evaporate lg of electrode material and

heat it to the jet temperature (in watt-sec)) A difficulty
g

in comparing this calculation with experimental results is

the lack of knowledge of the specific heat of metal vapors

over this wide a temperature range. Calculations and experi-

mental results generally disagree [661 by factors of 3-50.

In the work by Llewellyn-Jones [641 certain constants had

to be empirically determined and disagreements with experi-

mental results were still a factor of 3. Later work by

Belkin and Kiselev [671 claims better agreement, at least

for copper, but they also have a somewhat arbitrarily deter-

mined constant in their theoretical expression. They find that

the mass of metal eroded from the surface is given by

2kVeQoRcr (IV-6)
M= 3 cT R

mp

where

k = 0.4 (somewhat arbitrarily chosen (experimental fit)
as fraction of molten metal which is actually eroded)

Ve = electrode voltage drop

Q0 = initial charge on capacitor bank

Rcr = 2(L)1/, the critical resistance of the discharge

R = effective resistance of discharge circuit

c = specific heat of the electrode metal

T = melting point temperature of the electrode material.mp



235

For short discharges (t - 10- 7 s) K. Schobach [68] has

derived an equation for the anode temperature, as shown below.

Ta = const x (V a + 0 + Vth) (Xpc)-1/2 (i/t )i/3 (IV-7)

where

Va = anode drop (ionization potential of gas)

= anode work function

V = 32 k T , (T = electron temp. in discharge)
th e2 e e

X= thermal conductivity of anode material

p = material density of anode

c = specific heat of anode material

k = Boltzmann's const.

i = max. current

t = time of max. current

This equation should also be generally correct for the cathode

when the energy input term is changed to (Vc + Vth). Note

that one should look for anode materials with high (Xpc)

products in order to keep Ta low. The gas type determines

the anode drop, Va, and to some extent the electron temperature,

Te (e.g. gases with high ionization potential tend to produce

higher anode temperatures).

Some calculated results, using this equation are shown in

Fig. IV-12 At high (i /t ) anode jets will form, resulting in

violent expulsion of electrode material as shown in Fig. IV-13

which is adapted from the same reference. These curves agree
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generally within 50% with experimental results [68]. For

longer discharge times where radiation and convection be-

come more important, the problem is less understood at the

present time. An apparent cause for concern with regard

to this [68] experimental work is that the electrode separ-

ation was so small (0.2 - 0.85 mm) that it is not clear how

and if this scales to larger gap distances.

The electrode erosion problem has the additional aspect

that besides surface melting and vapor jet expulsion there

is also the chemical reactions between the ionized, high

temperature gas and the electrode surface. None of the theo-

retical efforts have included chemical effects.

The published experimental results disagree in many cases

but some general conclusions regarding electrode erosion in

gas filled gaps are given below (largely the courtesy of Ian

Smith).

1) Vacuum operation gives order of magnitude higher erosion

rates than operation at roughly atmospheric pressure

2) Erosion increases with gas pressure in the 1-4 atm range

3) Erosion is material and gas dependent (In general, non-

reactive gases and tungsten give lowest erosion rate)

4) Cathode and anode erosion rates normally differ (Gas

dependent)

5) Erosion/Coulomb apparently increases with rep-rate

6) Erosion/Coulomb apparently increases with peak current.



239

In addition the following conclusions come from Belkin's

work [671.

1) Erosion of metal from electrodes at high currents occurs

primarily in the liquid phase.

2) The masses of molten and eroded metal depend linearly
t

upon q f idt at currents from 70-800 kA.
0

3) The portion of molten metal (the constant k in Eq. (IV-6))

does not depend upon magnitude or shape of current in the

70-800 kA range.

4) Below a certain threshold the linear dependence in 2)

above is reduced.

5) The erosion is reduced when the external circuit inductance

is reduced.

Some of the most extensive erosion tests reported are by J. J.

Moriarty, et.al. [691 and by J. E. Gruber and R. Suess [701.

Moriarty, et.al. investigated the erosion of Elkonite 10W3

(75% W + 25% Cu by weight). The results are summarized

in Table IV-6. Because so many parameters were varied it is

difficult to draw any firm conclusions or plot any curves

or trends from this work. The author's own conclusions gen-

erally agreed with those given above. These workers found

no correlation between erosion and fi2 dt or the arc heating.

One should also note that the gas was not circulated in

these experiments. Some examples of gas decomposition pro-

ducts after switching are given in Table IV-7.
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. Table IV-7. Decomposition Products from Switch
Discharges (69]

Initial Bulk Resistivity
Gas Mixture Pressure Erosion Rate Gas Analysis of Solid Residue
(By Volume) (psia) (10"5 g/C) After Firing (ohm-cm)

100% SF 6  45 36.2 SF 6 , SO2 F2 SiF 4  No sample

HF = 0. 02%

7SC 2F6  C2F6 - 70% 1( )

+ 25% NzO 46 17.6 N20 - 2.8% 7.9 x 10

CF4  - 16%

C2F - 3.26%

+ air & misc.

50% Ar(a S SF 6 ,
+ 40% NZ 55 15.8 SO 2Fz (sizable) <O. Z x 107

+ 10% SF 6  SiF 4 (small)

HF = 0. 13%

5, Ar (b )  C F 6  - 39% W

+ 38% C2 F6  60 13.0 N20 - 1.6% >3.3 x 101

+ 12% N 20 Ar - 40%
CF 4  - 12.5"0/ 3.9 x 10

C2F 4 - 2.5%

+ air & misc.

(a) Analysis of unfired sample showed SF6, Ar, N2, 02 and CO2 pre-

sent. There were no hydrolyzable fluorides (HF).

(b) Initial gas mixture is probably in error. Consistency with
subsequent analysis would require initial mixture of 40% Ar + 45%
C2F6 + 15% N2 0.

(c) A gray deposit collected in general area of the electrode.
(d) A "shellac-like" deposit found around center of electrode
and obtained after wiping the gray (c) deposit away. This
deposit (d) was soluble in acetone.
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The strong increase in erosion with increased gas pressure

has also been reported by R. A. Burden and T. E. James (251 as

shown in Fig. IV-14. One should note, however, that the experi-

mental conditions were not the same for all the data points. In

the apparently very careful investigation by Gruber and Suess

(70] this marked increase in electrode erosion with pressure

was not observed. Their results are summarized in Fig. IV-15.

Only copper shows a marked pressure dependence and this may

be caused by chemical reactions with the air in the gap. The

understanding of gas pressure effects on erosion is thus, at

best, incomplete.

One should also note that J. C. Martin has observed

[711 that vortex gas flow in a slowly rep-rated (3-10 pps)

spark gap results in increased erosion rate (factor 10).

This is presumably because the metal vapor is swept away

before it gets a chance to re-deposit on the electrodes. The

increase in erosion with flowing gas was not observed however,

in an experiment [72] where the flow was more laminar. In

many cases it is desirable to use a slightly reactive gas

since this tends to remove whiskers on the electrode surface

which otherwise would lead to unreliable switch operation.

This will, however, also lead to higher erosion rates.

In the work by Gruber and Suess (70] all the tests were

carried out with a damped sinusoidal discharge with a decay

time constant of 50-200 ps. Two different electrode separations
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were used (13 and 1.5 mm) and it was found that the erosion

rate was much higher in the small gap (factor of 10). The

predominant erosion effect was found to be fidt but an i-

dependence (at constant fidt) was also found. These results

are summarized in Figs. IV-16 through IV-19. The erosion

results for copper tend to support Belkin's results [67]

but detailed agreement was not found. Tungsten-copper elec-

trodes (80% W + 20% Cu, similar to Elkonite) were found to

have the best erosion characteristics, in agreement with

other reports [8, 69, 73]. The "discontinuities" in the

erosion curves for copper and brass may be related to the

"threshold" values discussed by Belkin [67, 79] and may be

due to the onset of the molten phase over the entire

electrode surface area.

Graphite electrodes of various kinds have also been

tested for erosion [75] and compared with brass electrodes.

The test conditions were: 10,000 shots, 100 kA, 0.5 C/shot.

The erosion rates were about the same (slightly less) as for

brass except that a whole chunk of material came loose from

one of the graphite electrodes.

In an erosion study at the UKAEA Culham Laboratory [76]

the effect of peak current (I p) on the erosion rate of brass

(main electrodes) and heavy-metal (trigger electrode) in a

field distortion spark gap was studied. It was found that

the erosion is proportional to 11.7 and that the erosion/
p

Coulomb was essentially constant below some current threshold

(> 250 kA).
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For spark gap erosion studies it is important to decide

the validity of using ringing discharges rather than sinusoidal

or "square" unipolarity pulses. In many practical applications

the pulses will be of one polarity rather than a ringing, damped

discharge. With the ringing discharge the Coulomb transfer is

much enhanced, however, since

1 /1 I/max
q = CV 1 _ i/imax (IV-8)

where Imax = max current at first half period

I1  = max current at second half period

V = Charging voltage of capacitor

C = Capacitance of capacitor

q = Charge transfer (Coulomb)

The ringing discharge is thus a relatively simple and inex-

pensive way to produce a large number of C/shot.

At first thought it appears that "a Coulomb is a Coulomb."

It is, however, not so clear that one can interpret in a

simple way erosion studies done in this manner since the erosion

is undoubtedly also a function of peak current and electrode

heating. It has been shown [23] that for a ringing discharge

with 90.8% reversal the energy deposition per Coulomb (J/C)

in the electrode was 3.4 times greater than in the case of

no reversal. Careful comparisons of erosion studies with

damped and ringing discharges has, to our knowledge, not

been made but probably warrants a closer look since the

ringing discharges can greatly simplify the test circuitry

and power requirements.
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6. Some Quantitative Spark Gap Parameters

Many important spark gap parameters have been extensively

studied and many of them can be described empirically or

theoretically. Some important parameters are described in

the following.

a. Discharge Impedance and Risetime

When calculating the risetime of a spark gap it is

necessary to know the resistive and inductive time phases

of the spark channel. The total e-folding risetime is

usually taken as te = tR + tL but one may advance some

arguments for using te = (t + tL) I/2  To convert to 10%

to 90% risetime use

t = 2.2t (IV-9)

The resistive time phase is given empirically by*

tR 88 ()! 2 ns (IV-10)
(Z0 ) 1 3 (E)4 /3  po

This formula, whose symbols are defined below, has recently

been found to differ from experimentally obtained values for

risetime. It has been found that the risetime depends on

the gas. Proposed empirical formulas [77] are:

for Nitrogen

tR = 44 p1 /2/E Zo1 /3  (IV-II)

and for Helium

tR = 6.4 pI1/3/EI/ 2Z 1/3 (IV-12)

*J. C. Martin, UKAWRE, Aldermasten.
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where Z° = source (machine) impedance in ohms

E = Electric field in gap in MV/m units

p = gas density

Po = density of air at STP

p = pressure in atmospheres

It should also be noted that O'Rourke [781 has proposed an

equation similar to Martin's, namely

t = k (kp )1/3 (IV-13)

0

where X = length of arc channel

k = empirical constant

Time resolved measurements of the resistance during spark

gap breakdown have resently been reported for the 0.1-1.5

ns range [79). Their results are found to differ somewhat

from those in Ref. [77] for nitrogen gas. The inductive time

phase is given by

t L (IV-14)L =Z
0

where L = inductance of spark channel ~2--- Zn !! Henrys
2 r a

where k = gap distance in meters

Po = 4w x 10- 7 H/m

b - radius of electrode

a - radius of channel

Although the channel radius is time dependent (see subsection

on Arc Radius) the Zn-term makes the inductance relatively
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insensitive to this fact and it seems that as a general

rule L % 10-15 nh/cm is a fairly good estimate. This is

also supported by theoretical calculations [801.

b. Electrode Heating

Electrode heating is obviously very important in con-

nection with spark gap erosion and it is desireable to

keep the temperature as low as possible.

The heat flow through an electrode (anode) surface per

unit time has been calculated by K. Schbnbach [68] for

rapid discharges.

XT
Q(t) e R2 (t) (IV-15)

a/-

where X = thermal conductivity

R = channel radius (see Eq. (IV-19))

Te = electron temperature

a = K/C v

K = the thermal conductivity of the anode material

cv = the specific heat per unit volume of the anode
material

The anode temperature is then given by Eq. IV-7. The same

equation (Eq. (IV-7)) is also generally valid for the cathode

as long as the energy input term is properly modified (i.e.

(Va + + Vth) (Vc + Vth)).
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c. Arc Voltage

The arc voltage is important when calculating the gap

dissipation and efficiency. Reliable data for the arc

voltage have been difficult to obtain. The results of

James and Browning [81] are difficult to apply in general

since the necessary constants in the equation are gen-

erally not known. They find

Va = (A + 9gE.) (1 + -°(l - et/b) (IV-16)

where A = constant for fixed p, I, and electrode system
(e.g.: A varies from 15-30 for p = 1 atm and I
varying from 1.5-40 kA)

£ = gap length
g
E = Avg. electric field during pulse for long pulse times

Eo=Avg. electric field during pulse for short times

t = pulse length

T = characteristic time const (% 1.5 ms at p = 1 atm)

These values can be deduced for argon and air at atmospheric

pressure from the curves in Ref. [81].

Boicourt [82] has derived an empirical equation for the

arc voltage in air filled spark gaps (p 20-30 psi). He

finds:

Va = k + k2 III + k3 III2  (IV-17)

where k1 = 99

k = 8.9 x 10 - 4

k = 2.25 x 10
-10

i3
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For the vacuum case [83] it is, for comparison, found

that for I < 6.5 kA

Va = 20 + GI, (IV-18)

where G is a constant which depends upon electrode material,

shape, and separation.

d. Arc Radius and Joule Losses

Information about the arc channel radius is important

both to risetime and erosion (temperature) calculations. The

questions of arc radius and growth are, however, still un-

resolved in the general case. For short discharge times

(t < 100 ns) the most commonly stated equation for the channel

radius is [841

4 1/6 t 2/3at 1/2
R(t) 2 ) (I dt) (IV-19)

where po = initial gas density

a = electrical conductivity of spark channel

I = current

= K(l + 1 2(t))
(Y-1) 2r(t) 2

where K = 0.9 (the coeff. of resistance in the pressure
p2

equation P = K p POr(t)2)

y = effective adiabatic constant

Reasonable agreements with this equation have been found

[85-87] although it does not take into account the heat con-

duction losses from the channel. Recent investigations at



256

Technische Hochschule Darmstadt, FRG are re-examining both

the theoretical development and the verification of this

equation [88]. Under certain special assumptions about
-i

the conductivity of air (220 (Q cm) ), its constancy and

ionization number (Z = 1), and about the current rise

(I - t3/4), Equation (IV-19) can be written as

R(t) = Ap (IV-20)

where

R is in mm

p0 is in atm

I is in kA

t is in ps

A = 0.92

For other theoretical calculations of R(t) under various

gas shock conditions set up by the expanding channel see

refs. [89, 901. A review [91] of some Soviet work on arc

channel evolution at p < 1 atm claims good agreement with

the theory development in ref. [89, 90].

For modest current levels of Im < 250 pl/
2 (where p is

in atmospheres and I in kA), the joule losses in the dis-

charge channel scale as [8]

P r (pl/ 3, Im4/3) (IV-21)

For higher current values, it is found empirically that [8]
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p (p 2 / 3 , I m4/3) (IV-22)

e. Breakdown Voltage

The self breakdown voltage of a gap is obviously a

most important design parameter. For uniform DC fields in

air, the breakdown field is given by [44]

EBD = 2 4 .6p + 6.7 (R)i/2 kV/cm (IV-23)BD d

where p = gas pressure in atm.

d = electrode separation in cm.

For non-uniform fields, the EBD can be considerably less

than this and the "field enhancement" and "effective elec-

trode distance" must be considered (see Ref. [44]). For

pulse charged gaps with extremely divergent fields (e.g.

points or edges), the breakdown field can be both time,

polarity, and pressure dependent [44]. An approximate

expression is

EBD (dt)'6 = (k+)P (IV-24)

where EBD = the mean field (V/d) in kV/cm

d = electrode separation in cm

t = pulse time in ps (time when pulse is above 63%
of max value)

p = pressure in atm,

and where k+ depends upon the polarity of the sharp electrode
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and is given below together with the exponent, 8, for some

gases.

Freon SF6 Air

0.4 0.4 0.6

k+ 36 44 22

k 60 72 45

For long pulse times, the pressure dependence for air dis-

appears [44].
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C. Triggered Vacuum Gaps

1. Basic Operation

Triggered vacuum gaps [1-4] are superficially similar

to the pressurized spark gaps discussed in the previous

section. The major difference is, of course, that the

region between the anode and the cathode is evacuated

rather than pressurized. Consequently the plasma necessary

to form an arc across the evacuated gap must be generated

from electrode material rather than, as in pressurized gaps,

from filler gas. In both types of gaps the plasma is formed

initially by a trigger pulse, but is maintained by power

dissipation in the arc. Several features that distinguish

triggered vacuum gaps from their pressurized counter-parts

originate from differences between vacuum arcs (in metal

vapor) and those in the gases typically used in pressured

gaps. Consider an example [1]. For arcs in gases, the

arc voltage, v, is relatively high at low gap current and

decreases as the current, i, increases so that dv/di < 0.

This result, taken together with the curvature of the typical

gas arc v-i characteristic, means that if two gas arcs are

paralleled, one of them tends to take all the current. It

is difficult, therefore, to run pressurized spark gaps in

parallel. For vacuum arcs, on the other hand, usually dv/di

> 0 so that parallel operation is not difficult. Thus, vacuum

gaps can be operated in parallel much more easily than pres-

surized gaps.
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A second beneficial feature of vacuum arcs is their

relatively low arc drop compared with that of a pressur-

ized arc [1]. As a consequence, the dissipation and hence

the electrode erosion rate in a triggered vacuum gap can

be comparatively smaller (depending upon the magnitude

of the pressure). Furthermore, rapid recondensation

of the metal vapor in the gap onto the electrodes after

the arc is extinguished permits the vacuum gap to recover

its hold-off voltage in a few microseconds [21. This is

shorter than the recovery time for pressurized gaps in which

the recovery depends primarily on electron-ion recombination

in the arc medium and subsequent gas cooling rather than on

recondensation, and hence the effective disappearance, of

the arc medium as in vacuum gaps. Electron-ion recombination

and gas cooling proceeds much more slowly in a pressurized

gap because the relatively higher thermal capacity of the

pressurized gaps keeps the high temperature in the gap

longer. The rapid recovery time in vacuum gaps also helps

to slow erosion of the gap by reducing dissipation.

The low pressure in triggered vacuum gaps forces them

to operate below the minimum in the Paschen curve and hence

allows small electrode spacings, typically 1 cm or less

(1, 2, 5, 61. The narrow gap spacing helps to reduce the

recovery (recondensation) time, the switch inductance,

and the size of the device.

Another important feature of triggered vacuum gaps is

the capability of any particular gap to trigger reliably,
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without adjustment, for a wide range of applied voltages.

Somewhat surprisingly, the delay between application of the

trigger pulse and the occurance of the arc can be nearly in-

dependent of the the applied voltage except for very low

voltages. For example, one type of switch has been triggered

from 1 kV to 100 kV with approximately constant delay [5].

Another switch was used between 300 V and 3000 V. At less

than 1 kV, the delay was about 1 ps whereas for higher vol-

tages, it decreases to less than 0.1 ps. Thus, the delay

can increase at low voltages. Vacuum gaps have been triggered

with main gap voltages of less than 50 V [6].

Other potential advantages of triggered vacuum gaps in

comparison with pressurized gaps include relative immunity

to strong radiation and the lack of audio (shock wave) noise.

Although vacuum gaps offer many advantages relative to pres-

surized gaps, there are areas in which vacuum gaps are com-

paratively lack-luster performers. In particular, the turn-

on time for a vacuum gap is about 0.1 ps compared to perhaps

1 ns (or less) for a pressurized gap [2]. Jitter for a

typical vacuum gap is about 20 ns in comparison to a few

ns or less for pressurized gaps. Both the turn-on time and

the jitter for a particular vacuum gap depend, of course,

upon how the gap is triggered. The turn-on time seems to

be limited by how quickly the plasma formed at an electrode

can flow to fill the interelectrode volume. In a pressurized

gap, the plasma is formed in the gas between the electrodes,
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so no flow time is required. The jitter in a vacuum gap,

as in a pressurized gap, generally decreases as the trigger

voltage is increased.

2. Triggering

Of the several ways to trigger a vacuum gap, [2] perhaps

the most convenient one that gives rapid breakdown and a

minimum of jitter is the injection of a plasma into the main

gap by striking an arc between two gas-loaded auxiliary

electrodes that occupy a recessed region in one of the major

electrodes. Hydrogen is the preferred gas since, as the

lightest element, it fills the region between the main elec-

trodes in a relatively short time. With titanium hydride

auxiliary trigger electrodes in an appropriate geometry, a

trigger pulse of a few kilovolts produces a trigger current

of about 10 A and breaks down the main gap with 30 kV across

it in less than 0.1 ps with a jitter of about 30 ns [2]. Less

than 0.01 J energy and 10- 8 g of titanium hydride are

required per shot. Although trigger life was not determined

experimentally, little deterioration in performance occurred

after 6000 single shots. Although this vacuum gap, like

many, was sealed, hydrogen buildup during normal single shot

operation was not a problem because of gettering

action of the various gap electrodes. At high repetition

rates, however, hydrogen buildup in the gap could become

a problem when this trigger scheme is used.
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Other triggering methods used in vacuum gaps include

direct plasma injection and laser triggering [4]. Another

approach, used to reduce jitter and delay, is to introduce

a low pressure gas into the interelectrode region [4],

as discussed below. In this case, an arrangement analogous

to the trigatron gas gap can be used.

3. Typical Parameters

A number of triggered vacuumi gaps have been described

in the literature [5-30]. We briefly consider some of

their parameters.

Voltage Standoff-The maximum voltage standoff reported in

a single triggered vacuum gap seems to be about 100 kV

[5, 23]. A typical value is 50 kV. The individual units

can presumably be stacked [3] or assembled in a graded

sectioned configuration [22] to achieve higher standoff

voltages. Such configurations exploit the fact that spontan-

eous breakdown of the gap is much less sensitive to pressure

variations for small electrode spacings [3,4]. The maximum

standoff voltage for a particular gap is determined by the

electrode surface microstructure. Changes in the microstructure

from shot to shot can cause sizable variations in the maximum

standoff voltage [2]. Up to 350 kV has been maintained across

an untriggered gap [2]. A commercially available triggered

vacuum gap has a rated voltage standoff of 45 kV [28].

Peak Current-The maximum peak current reported in the liter-

ature for a single unit is [9] 3.5 MA. Currents of several
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hundred kA have been reported several times [10, 11, 25, 26].

Of course, single vacuum gaps can be paralleled, as mentioned

earlier, to achieve even higher currents. One commercially

available gap has a rated peak current of 50 kA [28].

Pulse Width-The maximum pulse width reported for particular

devices in the literature ranges up to 600 ps [6] and even

up to [2] about 10 ms (1/2 of a 60 Hz cycle) and apparently

pulse lengths of up to a few 10's of ms are possible [29].

di/dt-For a vacuum gap operating at a typical pressure of

10- 6 torr, the turn-on time can be of the order of 0.1 ps

[1,21. For a typical peak current of 105 A, this gives

di/dt - 1012 A/s. The fundamental limit on di/dt is the

dynamics by which the interelectrode region is filled with

piasma. A value of 5 x 1012 A/s has been achieved in

practice [10] by increasing the gap pressure to about

5 x 10- 6 torr. This pressure increase decreases the turn-on

time [22].

Delay Time-For pressures of - 10- 6 torr, the delay time is

about 0.1 ps. The delay can be decreased to about 0.02

ps by increasing the pressure up to about 5 x 10- 6 torr

(10, 221. No further decrease in delay is seen for higher

pressures in this range. One gap that is commercially avail-

able has a rated maximum delay of 0.1 ps [28].

Jitter-Typical figures for jitter are in the range of 20 ns

[2, 5] although in the relatively high pressure region (5 x

10- 6 torr), a figure of 8 ns has been reported [10]. One
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commercially available gap has a rated maximum jitter of 0.1

Ps [28).

Pulse Repetition Rate-Most operating experience has been for

single shot applications. Repetition rates of up to 35 kpps

have been reported, however [5]. The maximum rate will be limited by

the recovery time, discussed below. The repetition rate of

one commercially available gap is 2 per minute (28].

Average Current-No information is presently available to

indicate the average current limitation of the gap itself

under repetitive operation.

Duty Cycle-No information is presently available to indicate

the duty cycle limitation of the gap itself under repetitive

operation.

Recovery Time-The reported minimum recovery time ranges from

about 3 ps [21 to 10 ps (5].

dv/dt-From data in Ref. (2] it appears that the initial

rate of recovery (for about 2 ps) is about 1010 V/s.

A switch [5] comprised of four units in series held off 80

kV less than 10 us after passing a current of 20 kA. This

result implies a dv/dt of about 8 x 109 V/s. The ultimate

limit here is set by the deionization rate.

Rise Time-The minimum reported rise time is 20 ns [10]. This

low value was achieved by operating at relatively high pres-

sure (_ 5 x 10-6 torr). For lower pressures the rise time

increases [10]. For sealed gaps ( 10- 6 torr) rise times
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are typically 0.1 to 0.3 ps [1,2]. The limit here is the time

required to fill the inter-electrode region with plasma.

Coulombs per Shot-For a typical peak current of 100 kA and

a pulse width of about 10 ms (roughly a half cycle width

at 60 Hz) the Coulomb per shot would be [30] on the order

of 103 C. The charge transfer per pulse for one commercially

available gap [281 is 0.7 C.

Lifetime-Lifetime for the 3.5 MA peak current vacuum gap

mentioned earlier is given as 2 x 104 shots [9]. The lifetime

of the 35 kpps repetitive gap mentioned before [5] was evi-

dently greater than 107 shots.

4. Summary and Conclusions

Triggered vacuum gaps, in comparison with pressurized gaps,

offer the advantages of simplified parallel operation to achieve

high currents, rapid recovery, low dissipation wide range of

operating voltage, quiet operation, relative immunity to

strong radiation, and small size. The primary disadvantage

is the relatively higher delay and jitter. The delay is

related to the time required for the trigger plasma to fill

the evacuated region between the electrodes and therefore

may be difficult to reduce. A study of alternate means of

triggering vacuum gaps might lead to a reduction in jitter

and improved schemes for repetitive triggering. The fact [21

that shot-to-shot changes in the electrode surface microstruc-

ture cause in vacuum gaps, in contrast to pressurized gaps,
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a corresponding significant shot-to-shot variation in hold-

off voltage makes it tempting to recommend additional studies

of electrode surface preparation and materials. In view of

the extensive number of studies of vacuum arc-electrode inter-

actions, however, progress in these areas though significant,

is expected to be unspectacular. Studies of electrode erosion

at high currents are needed to complement the mainly low current

measurements available at present. These data would provide

better lifetime estimates and an indication of the Coulombs/shot

limit at high currents. Direct measurements of lifetimes under

repetitive operation and a study of the failure modes of par-

ticular designs would be especially useful.

t . . . . . . .
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D. Liquid Spark Gaps

1. Introduction

Various liquids, such as water, oil, glycerine, etc.

have been used as the dielectric medium in high voltage

spark gaps. The interest in liquid gaps is that they

are self-healing, like gases, and have high hold-off

voltages, which means less gap spacing and hence low

inductance. In certain energy storage systems, such as

water-filled Blumlein generators, it is also very con-

venient to include the switch in the storage medium.

The major problem with liquid gaps is in designing them to

withstand the strong shocks generated by the arc in the

liquid. Much of the early work on breakdown and streamer

propagation in liquids was carried out at the AWRE group

at Aldermasten, UK. This work is summarized in references

[1] and [2]. There are, however, still several unresolved

issues with regard to, for instance, the effect of pressuri-

zation of the liquids. Recent work at the AWRE (3] suggests

that pressurization of water [4] may indeed improve the

breakdown strength but less so for large electrode surface

areas.

Impurities in the liquids, especially if they are polar

in nature or have a high dielectric constant, may have a

serious effect on the breakdown strength [5]. For short

times (< 100 Ps) these impurities do not have time to move
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much in the electric field and the breakdown voltage degrad-

ation is not as severe. The highest breakdown voltage in

a non-planar, non-uniform gap is when the electrode with

the smallest radius of curvature has negative polarity.

Field enhancement points (rods) can cause reliable

multichannel breakdown in a self-triggered gap [6] provided

the time isolation between the points are more than one

standard deviation (a) in breakdown time apart. For very

short charging times (_ 100 ns) it ir also found that the

field enhancement (FE) factor has little effect on the

breakdown [6]. This is probably because the charging time

and the formative time lag are comparable.

Much theory which is applicable to gas filled spark

gaps also pertains to liquid gaps. The exceptions are

certain phenomena that are related to the liquid's higher

density (e.g. heat capacity). In these cases the liquid's

behaviour is more analogous to that of solid dielectrics.

The risetime of the pulse due to the resistive phase

of a gap is [7]

5pl1/2
tR(ns) Zo1/3EB4/ 3  (IV-25)

where

p is the liquid density in gm/cm
3

z is the driving impedance in ohms

EB is the breakdown voltage in MV/cm.
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Megavolt gaps have held off 100's kV/cm. The exact value

depends on the type of liquid and the hold-off time. The

jitter depends upon the field enhancement factor (6] but

is typically less than 10 ns (as low as 3 ns) for charging

times in the 100 ns range. Channel-channel jitter [6]

was similarly less than 10 ns. The spark resistance is

n 10 mQ/cm and each channel can handle [61 10's kJ. Trig-

gered liquid gaps have operated in the riultimegavolt range

[7]. These switches are generally of the field distortion

type but waterfilled trigatron switches have been investi-

gated [8] but the switch exhibited rather long formative

delay times of "% 10 ps. Oil and water are the two most

commonly used liquids and it is therefore useful to list

some of these properties in pulsed power service [9) as

shown in Table IV-8. The breakdown in these liquids is

electrode dependent and initiated. The t dependence

on breakdown found by Martin (Eq. IV-26) maybe too

strong for very large areas charged in the 1 ps time scale

(at least for oil) and may be more like t-I 4 or t-I/5 [9].

On small scales the breakdown voltage can be improved by a

factor of about 2 by electrode coating, liquid degassing,

pressurization, etc but this has not worked well on large

systems.

Jitter of less than 2 ns in a multichannel (% 10 channels)

2 MV, oil rail gap switch has been obtained [10]. The trigger
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Table IV-8. Some Properties of Oil and Water [9]

Oil Water i

Dielectric Constant 2.3 80

Useful Field Strength 200-300 kV/cm 100-150 kV/cm
(pos. electrode)

Polarity Effect (1.5:1) Variable 2:1
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voltage in this case rose to 1.5 MV in 20 ns (dv/dt ' 8 x

1013 V/s). The closure time was about 35 ns with a standard

deviation of less than 2 ns and a risetime of 8 ns. The

shortest risetime was 5 na (with 14 channels/120 cm).

In a self-breakdown oil switch [11] the 10-90% risetime

was 5.7 ns with 12 channels/137 cm and a jitter of 1-1.5

ns. The operating voltage was in the 2.5 MV range.

The breakdown field (for uniform fields) in a liquid

is given approximately by [7]

EBD t1/3A+ 1/10 = k+ (IV-26)

where EBD = breakdown field in MV/cm

t = pulse time in Psec

2
A = electrode area in cm

and (+) refers to positive or negative electrode. For trans-

former oil k+ = 0.5 but for water k+ = 0.3 and k = 0.6.

For point or edge plane breakdown at 0.1-1.0 MV, the streamer

velocity in various liquids follows the equation [7]
n±

U = k+V cm/ps, (IV-27)

where V is in MV and k typically is in the range 30-200 and

n in the range 0.5-1.75 (see Ref. [7]). For water the

relationship is quite different and is best given by [7]
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Ut I / 2 = 88 V0 6 (pos) (IV-28)

and

Ut1 /3 = 16 Vl'1(neg) (IV-29)

In the range of 1-5 MV in oil there is the relationship [7]

Ud1/ 4 = 80 V 1 .6  (IV-30)

where d is in cm and V in MV.

Repetitive liquid gaps are generally not successful

because the breakdown strength of the liquid is reduced when the

impurities do not have time to settle out. A modest repetition

rate of % 10 pps have been found to reduce the breakdown

strength of an oilby 33%.

The narrow discharge channels in a liquid tend to re-

sult in relatively heavy electrode damage. Experimental

investigations of various electrode materials have been

reported [12, 13]. Large energy discharges in liquids result

in massive shock waves with resulting large mechanical stresses.

This can become a particularly severe problem with rep-rated

gaps. Some efforts have been made to design shock dampers,

such as gas filled expansion chambers or flexible walls,

but it is always difficult to maintain the structural integrity

of heavy duty, liquid gaps for very long.

Liquid gaps have also been laser triggered [14] using

both oil and water dielectrics. As with laser triggering of



284

gas gaps, the best performance is obtained with a coaxial

trigger arrangement. It was also found that positive polarity

for the target gave the least delay. The laser triggering

can reduce both the formative lag and the jitter of these

switches.
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A. Introduction

A mechanical switch consists of metallic contacts

and depends on relative motion of the contacts to perform

the opening and closing function. The mechanical motion

itself does not open the circuit in most breakers. It

tequires the assistance of an externally produced cur-

rent zero and some aic extinguishing techniques. Mechanical

switches are classified in many other ways. Perhaps the

most common classification is by the type of insulating

medium the switch employs, i.e., liquid, gas or vacuum,

or more specifically as oil, air, SF6, etc. Alternatively,

they may be classified according to their application. The

major subdivision according to application is whether they

are to be used in a-c or d-c circuits. Adjectives used to

describe mechanical switches by application include isolat-

ing, disconnect, load break, contactors, motor starters,

interruptors, sectionalizers, circuit breakers, reclosers,

shorting or crowbarring, controllers, etc. An additional

way to classify mechanical switches is by some distinguish-

ing features or characteristic ratings such as air blast,

voltage, speed, power or KVA.

From the above discussion, it is apparent that there is

a broad variety of mechanical switches. To describe the

state-of-the-art and assess the limiting factors, requires

consideration of many parameters. These parameters are iden-

tified and discussed in Chapter II.
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Although much of the current interest in high power

switching is for special purpose, pulsed power applications,

much of the development and research information and hardware

have evolved for the electric power industry. Fortunately,

(for the present application) short circuits on power systems

are of a "pulsed power" nature. Therefore, section C of

this chapter is devoted to power system circuit breakers and

their ratings, designs and characteristics.

B. Mechanical Switch Characterization

One appropriate characterization is switch resistance

in the closed position. The immediately obvious consequencies

of increasing the current flow are to produce an increased

voltage drop between the terminals and an increased power

loss in the device. The increased power loss produces a

rise in temperature. The amount of temperature rise depends

upon the conduction time, how much resistance there is and

how it is distributed, the heat capacity of the current

carrying parts and the cooling system. If the current con-

duction time is very short, the cooling system will not have

time to carry away a significant amount of heat, and the heat

capacity of the conducting parts and the integral of the

power loss will determine the temperature rise. However,

for long conduction times, or for high duty factors, the

cooling provisions may be the limiting factor, rather than

the heat capacity. The temperature distribution over the
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conducting parts will not be uniform. In fact, most of the

resistance is likely to be at the contact between the two

electrodes, where the cooli,.3 is not efficient and welding

of the electrodes may occur if the temperature of one or

more spots is sufficiently high. The resistance of the con-

ducting parts can be reduced by increasing their cross sec-

tional area and decreasing the current path length. However,

increasing the cross sectional area increases the inertia,

weight and cost. Also, any increase in inertia of the moving

electrode requires an increase in force to open or close the

contacts in a given time. Of course, this means more power

and energy from the mechanical mechanism. Another consequence

of increasing the cross sectional area of the conducting

parts is the effect on skin and proximity effects. The skin

effect is quite pronounced for high rates of change of current

(di/dt). Hence, di/dt as well as the current itself can in-

fluence the temperature rise and distribution. Perhaps, even

more important for reducing contact resistance is the pressure

or force of the contacts on each other. The temperature of

the contact spots at which welding may occur and the contact

resistance both depend upon the electrode (or electrode surface)

material. Also, the weld properties, and damage done by any

such welding, depend upon the materials.

Perhaps a less obvious, but no less important, conse-

quence of high currents is the magneto-mechanical forces acting
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on the electrodes, their supporting structure and the switching

mechanisms. The familiar lateral forces that are exerted upon

a pair of current carrying conductors are present. Also, the

current through the electrodes may produce rather large forces

tending to open the contacts. (This force is just the j x B force

due to the non-parallel components of the current distribution

within the contacts.) Even if the contacts do not separate,

the pressure is reduced and the contact resistance is increased.

It is assumed that the insulation between the contactors

and other conducting parts are adequate not to be a limiting

factor on the voltage. However, it should be noted that the

geometry, dielectric constant of the insulation and its

dielectric strength will influence the various impedances

associated with the switch, and will, therefore, affect its

performance parameters. Also, any influence that the external

circuit has on the potentials of the other conducting parts

will affect the switch performance.

There are inherent capacitances between the electrode

system and the other conducting parts of the switch. These

capacitances, together with the external circuit will in-

fluence the rate of rise of potential differences within

the switch. Therefore, the properties of the insulating

medium must be selected to cope with these potential

differences. Obviously, the application of the switch will

have a strong influence on the voltage wave forms which

must be withstood.
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The above discussion concerning the elementary mechanical

switch in the closed position has indicated a surprisingly

large number of factors that will influence the switch per-

formance and limitations. It may be well to summarize these

factors before proceeding to the other three modes of opera-

tion of the switch. The factors are:

Continuous current (temperature rise and cooling
system)

maximum current (magnetic forces)

fi2dt (heat capacity)

di/dt (hot spots, resistance and
current distribution)

combination of above (welding)

voltage withstand (live/dead tank, types of in-
sulation, its properties and
thermodynamic condition, con-
ductor geometry)

dv/dt (short time insulation strength)

cooling system (may involve insulation properties
and/or separate cooling medium,
possibly at high potential)

electrode material (resistivity, welding properties)

With the switch in the open position and with no conduc-

tion current through the gap between the electrodes, the two

electrodes will be at different potentials, depending upon the

external circuitry and the internal capacitances of the

switch. The simplest capacitive equivalent circuit is shown

in Fig. V-1. In the closed position, the partial capacitance,

C1 , is of no consequence since it is effectively shorted by
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the conducting contact between the electrodes. In the open

position, however, the two electrodes need not be at the same

potential and C1 is charged to whatever potential difference

does exist. Of course, Kirchoffs voltage equation is satis-

fied around the capacitive loop, so that C2 and C3 form a

voltage divider, fixing the potential of the enclosure if

it is floating (live tank). If the enclosure is grounded

(dead tank), then C2 and C3 are charged to their respective

electrode voltages. It is apparent that the time variations

of the capacitive voltages are functions of the external

circuitry, live or dead tank, as well as the capacitances.

Obviously, auxiliary capacitances could be paralleled with

one or more of these capacitances to modify the various vol-

tage wave forms and distributions. The voltage across C1

is the recovery voltage. The rate of rise of this voltage

after conduction current has ceased on opening the switch

is called the rate of rise of recovery voltage (r.r.r.v.).

The two parameters, the recovery voltage and its rate of

rise, are important parameters determining whether or not

the conduction path is extinguished after the conduction

current is momentarily zero. In order for the switch to

IJ
successfully insert the desired high impedance between the

two electrodes the insulation must be such that the voltages

across CI, C2 and C3 do not break down. The things that

affect breakdown voltages are the type, pressure and ther-

modynamic condition of the insulation, the electrode material,
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electrode shape and surface condition and the voltage wave-

forms. More details on this are provi.led in references [1]

and (2].

To the factors previously listed can be added:

the separation between the electrodes,

the recovery voltage,

and the rate of rise of recovery voltage.

The two additional modes of the switch are when it is

intermediate between the open and closed positions, but is

openina or closing, respectively.

In the opening mode of operation of the mechanical

switch, two additional topics are introduced 1) an arc is

formed and 2) the electrode positions and velocity with respect

to each other are functions of time. How the arc properties

are controlled are discussed in sections C.2, 3, 4, and in

more detail in references [1) and [21. Here it is simply

noted that the presence and extinction of the arc introduce

the following parameters for consideration:

arc cooling, motion, length, parallel and series
splitting.

insulation type, pressure and flow patterns

magnetic fields and forces on arc

solid insulating and conducting plates

electrode geometry, materials, and surface treatment
and conditions

mechanisms and energy storage system for controlling
mechanical motion of electrodes.

timing devices for synchronizing contact separation
with respect to point-on-wave for a-c or commutat-
ing current for d-c current interruption
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jitter time in arc interruption

lifetime of mechanical mechanism and electrodes due
to severe forces, acceleration and deceleration,
and arching

In the closing mode of operation, there is relative motion

between the electrodes and an arc forms before the electrodes

make physical contact. Therefore, the parameters are pretty

much the same as those for the opening mode, except, now the

interest is in how fast the arc can be formed rather than ex-

tinguished (jitter and di/dt), and in being assured that the

mechanical system is sufficiently strong to close and hold

the electrodes together without the impact being violent

enough to damage or weld the electrodes. Most of the com-

mercial mechanical switches have not been designed for low

inductance and high di/dt. Therefore, the energy in the

prestrike arc is not as great as may be obtained in special

pulse power switches designed for high closing di/dt. The

increased arc energy will increase the probability of weld-

ing the contacts. This was a problem in vacuum interruption

but alloys were developed which were antiwelding. One such

alloy is bismuth copper [1]. The particular alloys used by

manufacturers are sometimes proprietary.

C. Power Circuit Breakers

1. Introduction

Although the electric power industry utilizes many types
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of mechanical switches as mentioned in section A, those within

the scope of this report are the power circuit breakers.

Since a large fraction of the art, science and technology in

the high power mechanical switching area evolved from this

application, it is appropriate to summarize the requirements

of such devices and to briefly describe the types of breakers

which have been developed. Typical ratings for oil, air

break, air blast, SF6 blast and vacuum breakers are given

in tables in their respective subsection in this chapter.

These tables do not contain all the information needed to

determine the switches' capabilities for pulsed power

applications, but they do provide an appreciable amount

of pertinent information that helps to define the state-

of-the-art of mechanical switches. Unfortunately, these

data require some interpretation, which requires some

knowledge of circuit breaker ratings and standards.

Appendix III gives a summary of the ratings and standards.

These interpretations have been considered in the parameter

evaluations in Section E.

2. Oil Circuit Breakers

The use of oil as an insulating and arc quenching medium

was one of the first improvements made to extend the capa-

bilities of power circuit breakerEs. Basically, the oil

circuit breaker consists of an interrupter (or several inter-

rupters in series), a mechanism for opening and closing the
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interrupter(s), some stored energy for operating the mechanism

and a means of charging the energy storage (usually a small

electric motor). They are available in dead tank design up

to 345 kV and live tank design up to 765 kV.

The interrupters consist of a pair of electrodes immersed

in oil and surrounded by an arc control device. The arc con-

trol device is a metallic or insulating structure which

channels the gas and oil flow in an optimum manner for arc

cooling. The contacts can be opened to a few centimeters

at average speeds of 2 to 10 m/s. Closing speeds are in the

same range. Voltage ratings per interrupter are typically

10 to 170 kV. Only those below 60 kV are restrike free. In

power systems the arc may restrike and then be interrupted on

a later current zero. For pulse power applications, restrike

free performance would be desired. Typical rms symmetrical

current ratings are in the range of 20-70 kA, with the higher

currents being associated with the lower voltages.

It is not appropriate to go into the details of the

mechanical mechanisms in this report. Some drawings, photos

and design details are provided in the manufacturers brochures

listed in the references and in references [i and [2]. It

is sufficient to know that such mechanisms are available to

provide the opening and closing speeds listed above. The

closing energy required ranges from about 100 joules to sev-

eral kilo-joules (See Table V-l).
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3. Gas Circuit Breakers

Several variations of circuit breakers using gas as the

insulating and arc extinguishing medium have been developed.

The commercial versions of available gas breakers differ in

many details of design, but are categorized as air-break,

air-blast or SF . The air-break circuit breakers are used

on the lower voltage portions of the power system (utiliza-

tion and distribution, i.e. up to ,, 35 kV) with a single

interruptor per phase. The air-blast and SF6 circuit breakers

are used on the higher voltage portions of the power system

(69 kV to 765 kV) and utilize up to 14 interrupters in

series.

a. Air Break

In the air-break circuit breaker a set of contacts are

mechanically parted in air at atmospheric pressure, forming

an arc. The arc is horizontal and natural convection of

the heated air provides some of the arc control. Basically,

the arc is extinguished by a combination of two or more of

arc elongation

arc cooling

arc splitting into several series arcs

utilizing current zeros (due to external circuit).

There are several pairs of contacts. The main contacts

are designed to have low resistance and carry most of the

continuous current, and are often constructed as a number of i~ __
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parallel contacts to improve current distribution. The mater-

ials that are best for the low resistance main contacts are

not the ones that are best from the arc erosion standpoint.

Therefore, the breaker is designed so that the main contacts

open first and close last to minimize their arcing. By open-

ing the main contacts first, the current is commutated to the

intermediate or arcina contacts. The arc movement and elonga-

tion caused by the convection mentioned above is assisted by

magnetic fields and their resulting 3 x B forces. The magnetic

fields may be produced by the current in the arc itself, by

series or shunt coils, or by permanent magnets. The series

coils are in the circuit permanently and must be of low resis-

tance. The shunt coils are switched in by the arc itself.

Also, air puffers are sometimes used to assist in low current

interruptions. The arc movement is from the intermediate to

the arcing contacts to arc runners. Various geometries of

arc runners and splitter plates are used to aid in the arc

elongation and cooling.

The splitter plates are contained in an arc chute and

may be insulated or conducting. As the arc is forced into

the arc chute, the conducting plates separate the arc

into a number of series arcs. Since the anode and cathode

drops for a heavy current between conducting plates is

30 V, the arc voltage increases to a value equal

to about 30 times the number of plates. In addition heat
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is conducted from the arc into the plates, thereby increasing

the arc resistance and voltage. The insulating plates pro-

vide cooling and arc elongation.

The increased arc voltage is sufficient to decrease the

current appreciably in the lower voltage power circuits. In

fact, large arc chutes can be used to interrupt d-c current

in 3 kV circuits, with continuous current ratings on the order

of 10 kA. They interrupt short circuit currents of 40-60 kA

in a few 10's of msec. Typical ratings for commercial a-c

air break breakers are given in Table V-2.

b. Air Blast Breakers

Air blast circuit breakers expand compressed air through

nozzles to produce a high velocity air flow axially along

the arc for arc extinction. Pressures of a few to a hundred

or more atmospheres are used to produce flow velocities on

the order of Mach 1.

For system voltages up to about 35 kV, air blast breakers

are used for their heavy current interrupting ability. They

are commercially available, at lower current interrupting

ratinas, for use on transmission systems up to 800 kV. Their

rate of rise of recovery voltage capability is approximately

inversely proportional to the interrupting current for a

given design. The interrupting current capability is approxi-

mately proportional to the nozzle areas.

Some of the advantages of the air blast breaker are:
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1) the medium is cheap and presents no health hazard

2) its elasticity prevents pressure transients from being

as severe as for oil

3) its nonflammability

4) the relative chemical inertness allows use of many dif-

ferent materials throughout the breaker

5) its dielectric strength increases with pressure

6) the compressed air is useful for pneumatic controls

7) can be designed for high voltage rating per interruptor.

The disadvantages of the air blast breaker are:

1) they are noisy

2) they are limited in the rate of rise of recovery voltage

compared to other breakers

3) they tend to chop low currents

4) the cost of pressure vessels, compressors and filters

are appreicable

Some typical ratings are given in Table V-3.

c. SF6 Gas Blast Breakers

The SF6 gas blast breakers are similar in construction

and performance to the air blast breakers; however, the SF6

is expensive enough to warrant closed systems. Two methods

are used to obtain the high pressure to feed to the nozzles:

1) the two pressure system and 2) the puffer. The two pres-

sure system is very similar to the air blast system and is

the most widely used. The puffer system uses a piston motion

................................
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at the time of interruption to produce the high pressure.

Ratings of 140 kV per interrupter at 50 kA have been obtained

with the puffer type.

The SF6 gas blast breakers are commercially available

for the complete range of transmission line voltages. Typical

ratings are given in Table V-4.

4. Vacuum Breakers

Vacuum interrupters are simple, compact and quiet. The

"simple" refers to the mechanical complexity, not the

manufacturing processes. Indeed, problems with vacuum

technology, glass and ceramic to metal seals, material purity,

and contact welding prevented their commercial application

until the last few years. The problems have been solved

to the extent that several manufacturers are offering vacuum

circuit breakers for a wide range of voltage and current

ratings for a growing list of applications. The contact

motion is transmitted through a bellows from a mechanism ex-

ternal to the vacuum interrupter.

Contact materials, sizes and shapes have been developed

to the point where heavy currents can be interrupted. Also,

axial magnetic fields have been found to be useful in extend-

ing the current interrupting ability of vacuum interrupters.

(See Section D).

The fast recovery time of the vacuum arc is worthy of

note. In fact Lee reports that after a di/dt of 185 A/ps,
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a rate of rise of 24 kV/ps was withstood. "This is faster

than any switching device that is known to man at the pre-

sent time." [1] (1975) (Evidently, he intended to exclude

fuses, see Chapter VI Section F.)

Some commercially available ratings are listed in Table

V-5.

D. Other Mechanical Switch Examples

1. Air Blast Breakers for Pulse Application

The 16.8 kV breaker listed in Table V-3 has been applied

to pulsed power applications [18, 19]. Therefore, it is

appropriate to provide some additional performance figures

for it. See Table V-6 [11]. In this design both contacts

are accelerated to about 12 m/s before one contact hits a

stop and separation starts. It can interrupt 100 kA one

hundred times without changing the contacts. Mechanically

it is good for 104 operations without costly maintenance.

In the pulse application, a fusion experiment, the cur-

rent through the breaker rises to 100 kA in 3 to 5 S. A

charged capacitor is used to communtate the current into a

resistor with a timing accuracy of + 40 us, with an arcing

time of 50 us.

2. HVDC or Pulsed Power Vacuum Interruption

Vacuum interrupters have been tested together with commu-

tation circuits, both for single interrupters and for two

S.J
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Table V-6. Air Blast Breaker Ratings

50 Hz 60 Hz

Rated voltage kV 15.4 16.8

Rated withstand voltage AC 50 Hz,
I min., dry kV 55 55

Rated peak withstand voltage
1.2/50 full wave kV 95 95

Rated making current kA 270 270

Rated short time current 3 s kA 100 100

Rated peak short circuit current kA 450 450

Rated Breaking current kA 160 145

Making time ms 65 65
Breaking time ms 7 7
Precision ms + 0.05 + 0.05
Min. arcing time ms 0.2 0.2

Rated pressure bar 80 80

Air consumption
Breaking m3  1.8 1.8

Making m 3  0.5 0.5

Weight kg 1 200 1 200

Dimensions
Length mm 3030 3030
Width mm 760 760
Height mm 1410 1410



310

in series [20, 21], to interrupt d-c power. Similar tests have

been made for four interrupters in series and for three inter-

rupters in parallel [22]. Experiments have also shown that

axial magnetic fields on the order of 0.1 to 0.2 T, modify

the tendency of the vacuum arcs to constrict at high current

levels [20, 23]. This causes a reduction in the arc voltage

of about a factor of 2. The axial magnetic field also was

found to change the interrupting ability of a 7 inch (0.18 m)

interrupter from 15 kA to 27 kA with the same di/dt and dv/dt.

The interrupting ability of commercial interrupters of the

same size have different current interrupting ability due to

differences in contact materials and geometry. The highest

interrupting ability for the commercial 7 inch interrupter

tested in this test series was 35 kA with an axial field of

0.11 T, with 90% reliability. A special interrupter was con-

structed with different electrodes and an internal coil to

generate the axial magnetic field of 0.27 T and interrupted

42 kA with 90% reliability.

Measurements have also been made [21] to determine the

fi2dt affects on the interrupting ability of 7" vacuum inter-

rupters. It was found that an fi2 dt of 4 x 109 A2s had no

effect on the probability of interrupting 10 kA, but reduced

the probability of interruption to 80% at 15 kA, and to only

30% at 20 kA.

3. A Fast Closing, High Current Switch

A good example of how closing time can be decreased

substantially when some other switch parameter requirements
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are not too stringent is the switch described in reference

[24]. Specifically, the hold off voltage requirements were

less than 1 kV and the switch requires electrode replace-

ment between pulses.

The switch consists of two fixed cylindrical electrodes

separated axially by a small gap. The moving contact is a

light-weight conducting, concentric ring which is only

slightly smaller in diameter than the fixed electrodes. A

still smaller diameter coil is concentric with the ring

electrode. The switch is closed in about 33 ps by magnetic

forces expanding the ring electrode. The magnetic forces

are produced by passing a large current through the inner

coil yielding a pressure of 45 MPa on the ring. The ring

attains a radial velocity of 200 m/s within about 30 ps.

Tests have indicated that a current rate of rise of 1.27 x

1013 A/s was obtained in the switch. The ring must be re-

placed after each closing operation. The switch has no

opening function. Four of these are to be used in parallel

to carry a peak of 1.88 MA, for approximately one half

sine wave cycle of 2 ms.

4. A Fast Mechanical Switch

A fast acting mechanical switch was developed to obtain

a contact opening of 1.7 cm in a gas blast breaker in less than

0.8 ms [25]. In this design a rotary motion is used to

minimize inertia. A specially designed, pulse driven electro-

dynamic drive motor nas enabled an opening speed of 25 m/s
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to be obtained. The switch contains two contacts in series

and has a voltage recovery capability of 1 kV/ps using SF6

at 4 atmospheres pressure.
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E. Parameters

1. Voltage

The voltage that a mechanical switch will hold off is

dependent upon the spacing between the contacts, the die-

lectric strength of the insulation, the electric field dis-

tribution and the contact materials and surface condition.

Considerations other than the voltage usually restrict the

contact separation to a few centimeters. The dielectric

strength depends upon the type of insulation, its condition

(pressure, temperature, impurities) and the voltage wave-

forms. The characteristics of the commonly used insulations

(oil, air, SF6, and vacuum) are well documented [1, 2, 26].

The field distribution is a function of the geometry which

is usually arranged so that the field enhancement factor

(ratio of average to maximum field intensity) is greater than

0.5. This, of course, does not count the microfield maxima

that can occur at electrode surfaces.

It is not possible to give an upper practical limit on

the voltage rating for mechanical switches. However, it is

likely that for voltages greater than 100-200 kV, series

switches will be more practical because of other parameter con-

straints. Series interrupters are commonly used on high vol-

tage power systems. It has been found that the probability of

interruption has improved with several breakers in series,

with the same voltage per break.
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2. Current

It has been pointed out ti-at mechanical switches have

several different current ratings. They typically have

continuous current ratings of a few hundred to several thou-

sand amperes. These values have been established by the

applications, rather than by fundamental licitations. These

ratings are limited by thermal effects and can obviously be

extended by better cooling and by lowered resistance. The

lower resistance can be obtained by using higher conductivity

materials or by using larger area contacts with the necessary

precautions to ensure suitable current distribution.

At the high end of the current scale is the closing

and latching capability of the mechanical switch. This is

determined by the mechanical strength of the electrode

structure and operating mechanism. Peak values in the range

of 100-500 kA are not unusual in practice.

For currents in excess of 100 kA, the fi2 dt becomes

significant in a short time. Therefore, excess heating may

limit the time such currents can be carried. The 3 second

ratings for power circuit breakers give the order of magnitudes

that a typical. That is, an rms symmetrical three second

rating of 105 A, would indicate an fi2dt of 3 x 1010 A2_s. For

times much shorter than 3 seconds, the closing and latching

rating may be the limiting factor, rather than the fi2 dt value.

The "interrupting current rating" of mechanical switches

must be carefully interpreted for pulse power applications.
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With the exception of low voltage (up to a few kV) d-c circuit

breakers, the interrupting ability of mechanical switches rely

on a current "zero" produced by external means. In a-c cir-

cuits there are two natural zeros per period. In high voltage

d-c circuits the current zero must be produced by a commutation

circuit. An example of d-c commutation is discussed in Section

D. For a-c, consider a 345 kV, 2 cycle SF6 breaker with an

interrupting capability of 63 kA, a 3 s rating of 63 kA and

a closing and latching capability of 100 kA with a K factor

of 1. This breaker could interrupt, in about 30 ms, a current

that has been 180 kA about 8 ms prior to the end of the 30

ms period. It could handle a pulse with fi2dt of 1.2 x 1010

A2-s with a current peak no higher than 270 kA. Whether or

not it would interrupt this current would depend upon the

characteristics of the commutating circuit. See discussions

under di/dt and dv/dt below and in Section D.

3. Conduction Time (Pulse Width)

This is a category in which mechanical switches excell

for long conduction times. Indefinitely long pulses may be

used with mechanical switches for currents up to their

continuous current ratings.

For high currents, the pulse width is limited by fi2dt

values for currents up to the peak currents limited by mechan-

ical forces. (Typically from one second upward.)

The minimum conduction time that can be used with mechanical

switches is limited by the contact opening and closing times
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and the arc extinction time. The opening and closing times

depend upon the acceleration of the contacts with respect

to each other and the contact separation. The acceleration

is limited by inertia and the force which can be practically

applied. The arc extinction time depends upon the current,

the di/dt, the arc extinction method and when the current

zero occurs in the opening cycle. The arc extinction time

could be eliminated by an appropriate commutating circuit

to bring the current to zero prior to contact separation.

The power and energy required for the mechanical mechanism

and the commutating circuitry may put a practical limit on

the minimam pulse width.

4. Rep-rate

This is a catagory in which mechanical switches struggle,

at best. The rate is limited by the time necessary to open

and close the contacts, the deionization time and the time

needed to recharge the energy storage necessary to operate

the mechanism. Even if the rep-rate were high, their useful

applications would be limited because it would not take long

to use up its life (or maintenance requirements would be

great). It is conceivable that rep-rates of a few per second

are possible, but it is not considered likely without sacri-

ficing some of the other desirable performance characteristics,

and/or the closing and opening power and energy may become

prohibitive.
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5. Current Rate of Change (di/dt)

In the closing operation, the mechanical switch becomes

an over-volted spark gap. The over voltage is triggered by

reducing the gap. The limiting factor on the rate of rise

of current are the same as those for spark gaps until the

contacts close. Thereafter it is limited by circuit induc-

tance. (See Chapter IV).

In opening low voltage circuits the arc voltage can

influence the di/dt, but large values of di/dt are not produced

this way. In higher voltage circuits the current zero is pro-

duced by natural zeros in a-c circuits and by commutating cir-

cuits in d-c circuits. Hence, the di/dt is determined by cir-

cuitry external to the switch. However, the successful inter-

ruption depends upon how high the di/dt is, as well as the

cooling mechanism, the separation between electrodes at the

time of the current zero, and any delay in voltage recovery

and/or the dv/dt.

A 60 Hz breaker with a 100 kA interrupting rating has a

di/dt of -5 x 107 A/sec. In the application for such a

breaker the dv/dt could be in the range of 108 - 109 V/sec.

For pulsed power, with an appropriately designed commuta-

tion circuit to keep the r.r.r.v. near zero for a few tens to

a few hundreds of microseconds, the di/dt would not be a limit-

ing factor on the interrupting current.
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6. Voltage Rate of Change (dv/dt, r.r.r.v.)

The rate of rise of recovery voltage across the contacts

of a mechanical switch is very important to the successful

opening of the switch. There are two distinct modes of

failure to extinguish the arc. First, a sufficiently high

dv/dt may allow the current to build back up fast enough

to re-ignite the arc thermally. Second, the dv/dt may be

sufficiently high for a sufficient time to cause a new

breakdown of the gap at its instantaneous separation. Typi-

cal values are 108 - 109 V/sec. A vacuum interrupter was

reported that reached 2.4 x i01 0 V/ps (Section 4)

7. Delay

Delay on closing is on the order of ms after the mechanism

is triggered to allow for significant travel of the contacts.

Delay on opening is due to time required to separate the

contacts to several mm plus some additional arcing time in

some cases. The actual time may depend upon the point-on-

wave at which the contacts separate in ac circuits or the

relative timing of the contact separation and the commu-

tation pulse in dc or pulsed systems. Typical delays are

on the order of a fraction of to a few ms.

8. Jitter

Jitter in mechanical switches is "-isured in 10's of

microseconds, both closing and opening. However, this has
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not prevented the successful operation of several series

interrupters on EHV power systems.

9. Life

For rep-rated pulsed power systems the lifetime of mech-

anical switches is rated "poor." The life of mechanical

switches is limited by contact erosion and by mechanical

wear and fatigue of the mechanism. Contact erosion is caused

by arcing and is more severe in the gas blast breakers

due to the high velocity gases. Some power system breakers

require some maintenance after a very few operations under

short circuit conditions. Under less severe conditions % 10 
3

operations may be obtained. The subject of erosion is dis-

cussed in more detail in Chapter IV. With contact replace-

ment and other maintenance, the lifetime may be ", 104 oper-

ations.

10. Contact Travel and Speed

In the open position, the typical contact separation

is a few mm to a few cm. For gas blast breakers the

optimum separation for arc quenching may be less than the

maximum separation because of the flow patterns in the

presence of the arc. Therefore, a pause may be built in

at this optimum separation. Also, deceleration may be

necessary at the extremes of the contact stroke before the

stationary contacts hit the stops or stationary contacts.
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High acceleration requires high forces (torque), power

and energy. For conventional breaker construction, velocities

up to about 10 m/s are used. Where high speeds are very im-

portant, the figure can be raised to , 25 m/s. For non-con-

ventional construction, the speeds can be raised at lease an

order of magnitude. (See Section D-3 and notes that the speed

would be even higher if the separation were greater.)
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F. Summary

The basic advantage that mechanical motion has to offer

high power, pulsed switching technology is that it enables

the current pulse to be carried for a portion of the pulse

time with essentially no damage to the device with relatively

low cost and power loss. This enables them to handle a large

value of Coulomb transfer per pulse efficiently and economi-

cally. For short pulses, the product of the peak current

as limited by mechanical forces times the pulse time is

the limiting factor. For long pulses and high duty factors,

the rms continuous current rating together with the pulse

time would determine the limiting factor. For intermediate

pulse times and low duty factors the fi2dt would determine

the limit.

For pulse times in the range of a few tens to a few

hundreds of ms, other required characteristics must be con-

sidered in determining whether or not a mechanical switch

is preferred. However, a number of parameter requixements

that would tend to make mechanical switches less favorable

can be listed. For example, if the total number of pulses

required are large (> , 104), maintenance and/or replacement

may be expensive. Or, if the rep-rate were more than a few

per minute, the energy and power required for the mechanical

mechanism would likely be prohibitive. Or, if fast rise

times on closing are required some other switch type would

Ii
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probably be preferred. Or, if jitter better than Q + 10

ps were required on closing, the use of a mechanical switch

would probably require the added complexity of a trigger

system similar to those used with spark gaps. Similarly,

several requirements that tend to favor the use of mechanical

switches for this range of pulse widths can be enumerated,

for example, large peak currents (% MA), large Coulomb trans-

fer (% 106 C), and large fi2dt (_1010 A2 -s).

The characteristic values given in this chapter are

primarily those of switches that were not developed for

repetitive pulse power applications. A number were developed

for power system applications; hence, they tend to cluster

about particular combinations of parameter values. For

applications such that any one parameter value is desired

to be well outside those indicated in this chapter, there is

an excellent chance that a mechanical switch could be developed

(at least for bome combinations of the other parameters).

For example, very high voltage ratings could be obtained

by using large separations between eiectrodes or by using

higher pressures for the insulating medium (except for vacuum

interrupters); however, opening times may be increased and

current interruption values may be decreased. Or, current inter-

rupting ratings could be increased by designs to limit the

post arc dv/dt, or, alternatively by increasing nozzle area

and gas flows for the gas blast type breakers. Or, the

peak currents, Coulomb transfer and fi2dt can be increased by

increasing the cross-sectional area of the conducting parts
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and contacts, at the expense of slower opening and closing

times and/or more power and energy loss for the mechanical

mechanism. Or, arcing times could be reduced either by

faster contact motions or by commutation systems to force

the current to zero before and/or during contact separation.

Contact speeds much higher than 25 m/s for contructions

similar to conventional breakers are not likely. However,

for special cases, such as that discussed in section D-3,

an order of magnitude higher is possible. Also, a continu-

ously rotating contact holder may also be practical for rep-

rated designs of the future where speeds in excess of 200 m/s

could be used. It is also conceivable that a rotating design

could increase possible rep-rate and lifetimes by an order

of magnitude or more, particularly for the lower ranges of

voltages and currents.



324

G. References

[1] T. H. Lee, Physics and Engineering of High Power
Switching Devices, MIT Press, Cambridge, Mass.

[2) C. E. Flurscheim, editor, Power Circuit Breaker
Theory and Design, Peter Peregvinus Ltd., Soughth
House, Stevenage, Herts. SGl IHQ, England.

[31 Allis-Chalmers brochure 71C1580-3 "Oil Circuit Breakers,
Small Outdoor," Apr. 1975.

(41 Allis-Chalmer brochure 71C1929-02 "Oil Circuit Breakers,
Intermediate Form," Sept. 73.

(51 Allis-Chalmer brochure, 71C5719, "Oil Circuit Breakers,
Outdoor, Large," Oct. 75.

(61 Westinghouse Descriptive Bulletin, 33-253, "Types GM,
GMA and GMB Outdoor Oil Circuit Breakers," Sept. 77.

[71 General Electric, GEA 5804 B, "FK Oil Circuit Breakers,"

[8] Westinghouse Bulletin, 32-252, "Standarized Type DHP
Medium Voltage Porcel-line Metal Clad Switchgear,"
April 1977.

[91 D. Square, AIA File 1623, "Solenarc Metal-Clad Switch-

gear," 1974.

(10] General Electric Switchgear Catalog, current.

(11] AEG-Telefunken brochure E22.05.20/1076E, "Safety
Circuit Breaker."

[12] K. Kriechbaum, "High Voltage Circuit Breakers for
Extra Duties," World Electrotechnical Congress,"
June 21-25, Moscow, 1977.

[131 Allis-Chalmers brochure 71C10031, "SF6 Gas-Insulated
Circuit Breakers," Oct. 77.

[14] Westinghouse Descriptive Bulletin, 33-555, "Type SFA
Power Circuit Breakers," Nov. '77.

[151 General Electric, GEA7813C, "Type VIB Vacuum Interrupter

Breaker."

(161 General Electric Switchgear Catalog, current.

[17] R. B. Shover and V. E. Phillips, "High Voltage Vacuum
Circuit Breakers," IEEE Trans. PAS 94, No. 5 Sept. 75,
p. 1821.



325

[18] K. Kriechbaum, "High Voltage Circuit Breakers For
Extra Duties," World Electrotechnical Congress, June
21-25, 1977, Moscow.

[19] P. Dokopouler and K. Krichbaum, "D.C. Circuit Breakers
Arrangement, 73 kA, 24 kV for the Joint European Torus,"
(To be published in Elektrotechnische Zeitschrift-A).

[20] R. W. Warren and E. M. Honig, "The Use of Vacuum
Interrupters at Very High Currents," 1978 Thirteenth
Pulse Power Modulator Symposium, June 20-22, 1978,
Buffalo, N.Y.

[211 R. W. Warren, "Vacuum Interrupters used for the Inter-
ruption of High DC Currents," Proc. Seventh Symposium
on Engineering Problem of Fusion Research Vol. II, p. 1774,
Knoxville, Tenn, Oct. 25-28, 1977.

[22] A. N. Greenwood, P. Barkon and W. C. Kracht, "HVDC
Vacuum Circuit Breakers," IEEE Trans. PAS-91, No. 4.,
July/Aug. 1972 p. 1575.

(23] C. W. Kimblin and R. E. Voshall, "Interruption Ability of
Vacuum Interrupters Subjected to Axial Magnetic Fields,"
Pro. IEE Vol. 119, No. 12, Dec. 72.

(24] P. Wildi and J. Gully, "A Metallic Contact, Fast Closing,
High Current Switch," Symposium on Engineering Problems
of Fusion Research Vol. II, p. 1774, Knoxville, Tenn.,
Oct. 25-28, 1977.

[251 G. A. Hofman, "Switching Devices for Fusion Reactors,"
Proc. of the Workshop on Switching Requirements and
R&D for Fusion Reactors," EPRI ER-376-SR Special Report
July, 1977.

[26] Special issue on Atomic and Molecular Plasma, Proc.
IEEE Vol. 59, No. 4, April 1971.



CHAPTER VI

MISCELLANEOUS SWITCHES

M. Kristiansen and M. 0. Hagler

326



327

A. Introduction

Several types of switches besides those considered so

far in this report offer the possibility of improving certain

switch performance measures or meeting special requirements

in particular applications. Some of these switches are

described briefly in the following pages. Others, such as

solid state Hall switches [1], saturable inductors [2], plasma

instability switches [3], and others [3] are not included

because of limitations in time. Many of the factors and

physical processes that limit the performance of the switches

in this Chapter are not very well understood because the

switches are at a relatively early stage of development

compared with those we have discussed so far. As a conse-

quence, the following material includes for each concept a

brief account of the principles of operation, the salient

potential advantages and disadvantages, and a short des-

cription of some state-of-the-art devices but not a com-

prehensive discussion of the factors that limit the various

measures of owitch performance.
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B. Vacuum Arc Opening Switches

1. Introduction

Vacuum arc opening switches are the result of an effort

to carry over many of the advantages of triggered vacuum

gaps (discussed as closing switches elsewhere in Ch. IV)

to opening switches [1, 2]. In these devices (See Fig. VI-l)

electrons flow, primarily radially, from a rod-shaped cathode

to a ring-shaped anode. A pulse to an ignitor electrode

generates a metallic plasma in the interelectrode region, as

in triggered vacuum gaps, and triggers the vacuum arc. The

current through the device is controlled by applying an

axial magnetic field. The ignitor electrode is separated

from the cathode by an insulator on which the arc deposits

a thin conducting metallic film. The arc is initiated by

passing a current pulse through the conductive film to vaporize,

ionize, and disperse it into the interelectrode region. The

resulting plasma initiates the arc, which in turn, redeposits

a film on the insulator. The arc current can be limited or

extinguished by a coaxial magnetic field applied perpendicular

to the plane of the anode ring. The magnetic field, perhaps

0.1 Tesla, impedes the flow of electrons from the cathode

because they must move across it to reach the anode. More

specifically, the magnetic field increases the arc voltage

and hence tends to decrease the current flow.
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Consider now some of the switch properties.

Voltage Standoff-The maximum reported so far is 25 kV

although 50-100 kV is projected [i]. Ultimately, the hold-

off voltage should be comparable to that of triggered vacuum

gaps. Connecting the gaps in series should be possible.

Peak Current-At present, the maximum current interrupted is

4 kA. Eventually, it may be possible to interrupt 10-50 kA

in a single unit [i]. The nice paralleling properties of

vacuum arcs should mean that higher peak currents could be

interrupted by using more than one unit in parallel.

Pulse Width-The conduction period for present units is 10

ps-500 ps [1] although times as great as 10 ms are expected

in the future.

di/dt-Present turn-off times are about 2 ps so that with a

peak current of 4 kA, the implied value of di/dt is something

like 2 x 109 A/s [1]. This value may be difficult to maintain

as the maximum interrupted current is increased to 10-50 kA

since the turn-off time is projected to decrease only to less

than 1 us [1]. Turn-on is somewhat faster [1].

Delay Time-No figures for the delay time are available.

Jitter-No figures for jitter are available.

Pulse Repetition Rate-The maximum repetition rate achieved so

far is 1000 pps [1]. Rates greater than 10 kpps should be

possible eventually.

Average Current-Figures available in the literature imply

an average current of 40-2000 A [1]. Projected average cur-

rents are higher L1].
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Duty Cycle-From the conduction time figures given above and

the repetition rate of 1 kpps presently achievable, we find

a maximum duty cycle of 0.5.

Recovery Time-Although no information is available on the

recovery times for vacuum arc opening switches specifically,

the recovery time should be similar to the vacuum arc in

triggered vacuum gaps, perhaps a few microseconds.

dv/dt-No direct information available.

Risetime-The turn-on time for present devices is 1 ps and

may be decreased by a factor of 10 in the future [1]. The

turn-off time is presently about 2 ps and may drop to less

than 1 ps later on.

Coulombs/shot-The maximum Coulombs passed per shot is pre-

sently about 2 C/shot il]. That figure might be stretched

to 500 C [1].

Lifetime-Present lifetime is about 300 hours at an average

current of 100 A [1). Projected lifetimes extend to greater

than 1000 hours at currents greater than 10 kA [1].

2. Summary and Conclusions

Vacuum arc opening switches are a possible means of

introducing the advantages of arc switching into the realm

of opening switches. These advantages include recovery

speed, small size, and ease of operating them in parallel.

A magnetic field is used to interrupt the arc. New

approaches to triggering should be investigated to improve
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the life of the switch (cathode and anode-cathode insulator).

The mechanism of the interruption process by the magnetic field

must be better understood so that better results can be stated

for the ultimate limit to the turn-off time. One should also

note that LN2 cooling of the cathode [3] has been found to

increase the vacuum breakdown strength of a gap by a factor of

1.5-2.0. This effect may be worth further investigations

for certain applications requiring extremely high hold-off

voltage.

hL
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C. Electron Beam Triggered and Sustained Switches

1. Introduction

A special version of the thyratron and the triggered

spark gaps are the electron beam sustained [1,2] and electron

beam triggered [3-5] spark gaps. The basic physical arrange-

ment is in both cases as shown in Fig. VI-2. The principal

difference is that in the e-beam triggered mode the discharge

is in the arc region and in the sustained mode in the glow

discharge region. Although both concepts are in their pre-

liminary phases of development and the available information

is sparse, some very early work (1939) on electron beam trig-

gering was carried out at the Leningrad Polytechnical Insti-

tude [6]. It was established [7] that the triggering was

best with the beam along the electric field lines, from the

negative to the positive electrode, but that the opposite

polarity did not work very well. The original reference is

unfortunately not available.

The operation of the e-beam sustained switch, also

called an injection thyratron, is very much the same as

that of the e-beam sustained CO2 gas laser: The electrons

injected by the e-beam are needed to maintain the discharge

between the two electrodes. When the beam is turned off,

the discharge ceases. This property permits the switch

to be used as an opening switch. Theoretical calculations

[1] by Kovaltchuk and Mesyats, ignoring electron attachment



336

Cf)

Cl

2w
z

U)

L.~ a

4- U)

Eo -o



337

in the gas, for an opening switch mode are summarized

below.

Consider a voltage supply with voltage V and in-

ductance L connected to the load through an e-beam sus-

tained switch. The voltage across L, when the switch

is activated, is given by

V = V (1 + A )et+O.A)L o
where: T = -LSepd - I ()1/2,

A IS = _e1 d-iA = PLSe~id,

S = discharge area

d = anode - cathode separation

= electron mobility

e = electron charge

= electron -3ion pair generation by beam per
sec per cm

= electron - ion recombination coefficient

At the time T - _______

m AR0

VL has the maximum value V~m, where

1-A
V =V / e 2A
LM o

and d 1/2

The breaking (opening) time, defined as the time when the

electron concentration has decreased by a factor of 10, is

given by At = 9( 8)-1/ 2. In experiments carried out by
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Kovaltchuk and Mesyats in a 1:1:3 mixture of CO 2:H 2:He at

atmospheric pressure, a discharge current of 150 kA was

maintained by a 15 kA (1.5 kA/cm 2) beam current and could

be interrupted in 200 ns. Hunter [2] using a 250 kV beam

with a current density of 2-5 A/cm 2 in methane (CH4 ) over
2

a 1000 cm area, switched 25 kA at 250 kV with a forward

voltage drop of 1 kV. Experimental interruption values

di 11were 2.5 x l0Il A/s and 5 x 1011 V/s. The designwere dt " dt "

of a 0.1 MV, 1 MA switch with an interruption time of

At 1 100 ns is believed [2] to be straightforward.

When the e-beam is used to trigger the switch the in-

jected electrons constitute a large supply of initial elec-

trons which practically reduce the statistical delay time

(jitter) to zero and accelerate the process leading to the

formation of an arc, the final state of operation of the

switch. Once formed, the arc cannot be turned off by the

beam. This concept is similar to the laser triggered spark

(LTS) gap but not as well investigated and understood as

the LTS. The purpose of this triggering method is to obtain

a fast, low jitter discharge which may be diffuse or multi-

channel. This last property will reduce the switch induc-

tance and the electrode erosion.

Early experiments in the USSR [3] indicated that +1 ns

jitter could easily be obtained for a 0.2 - 1 MV spark gap

triggered by a 400 keV, 10 A, 5 ns electron beam. The least
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breakdown delay, 20 ns, and jitter, +1 ns, was obtained using

a 150 keV, 3 A e-beam in a gap with a gap voltage of 360 kV

(.86 VBD), and a gap pressure of 8 atm.

With 16 atm pressure of nitrogen and an electric field

E > 105 V/cm arc-free discharges were produced [4] using a

trigger beam with 350 keV maximum energy, 2000 A current, 10

ns width, 3 ns rise, and 20 cm2 aperture. Gap voltages as high as

1 MV were used. The maximum discharge current without arc

channel formation was 40 kA at 700 kV in nitrogen at 7 atm

pressure. The energy dissipation in the gap was 10 J/cm3

In another experiment [5] channel free operation was demon-

strated for a 1 cm x 40 cm cross-section discharge with a 400

keV, 1000 A injection beam.

2. Comparison and Conclusion

These switches are still too early in their development

to enable one to make any firm conclusions. Potential prob-

lems with the e-beam sustained switch is related to a relatively

high switch resistivity and hence the large cross-sec-

tion which is needed to provide a low resistance switch.

Research should be performed on determining conditions for

minimum switch resistance and maximum possible current density.

The e-beam triggered switch has potential problems with

arc damage of the beam transmission foil and it is still not

clear that a diffuse conduction channel can always be estab-

lished.
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D. Solid Dielectric Switches

1. Introduction

Solid dielectric switches are generally single shot

or very slowly rep-rated closing switches. However,

various Gatling gun arrangements or a continuous dielectric

feed systems can increase the rep-rate. A major feature of

such switches is that the use of solid insulation gives

high standoff voltages with close electrode spacing so that

the switch inductance can be low. There are two distintly

different types of these switches. One is essentially a

spark gap with trigger electrode and a solid dielectric

medium between the discharge electrodes. The other is essen-

tially a mechanical switch where the solid dielectric is

punctured by a solid object or a gas (which may be electro-

magnetically driven) so as to form a very low resistance con-

tact. In solids, the breakdown field, down to a few nano-

seconds, is independent of pulse duration and given by [1]

EBD (vol)1 / 1 0 = k

where EBD is in MV/cm and the volume in cm3. The factor k is

in the range 2-4 for most practical dielectrics (k = 3.6 for

Mylar). For thin sheets, the breakdown becomes almost in-

dependent of the volume.

The field distortion, dielectric switch [2,3,4] is

similar to a three electrode spark gap. The center electrode
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of the dielectric switch is an aluminum strip sandwiched

between two layers of dielectric sheets, as shown in Fig.

VI-3. The strip and dielectric layers form a switch package

that must be replaced after each switching action. The

operational sequence of the switching action is summarized

with the help of Fig. VI-3. Initially, the top switch elec-

trode is held at the source voltage, V = V0 , while the bottom

electrode is grounded, V = 0. The initial third electrode

or trigger strip potential is determined by the capacitive

voltage division of dielectric layers A and B, shown in Fig.

VI-3. Switching action is initiated when the trigger system

produces a large negative voltage pulse with a finite rise

time at point x. When the electric field between point x

and the trigger strip exceeds the dielectric breakdown of

layer B, an arc occurs in the following sequence. The trig-

ger strip voltage rapidly drops to the potential at x with

a rise time much less than that of the trigger system. This

action causes a large, fast distortion in the electric field

between the trigger strip edges and the top electrode. The

dielectric breakdown of A is exceeded and arcs are formed

between the trigger strip edges and the top electrode. The

rise time of the trigger strip voltage must be less than

the arc formation time to produce multiple punctures in the

dielectric. Once multiple arcs have formed between the trigger

strip and the top electrode, the trigger strip voltage rises

rapidly to V0 , the top electrode potential. Now the source
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voltage appears across dielectric layer B, whose dielectric

strength is exceeded and multiple arcs again occur between

the trigger strip and the bottom electrode. The top elec-

trode voltage drops toward that of the bottom electrode,

completing the switching action which occurs in nanoseconds.

The switch package is a very important part of the switch

performance. The layers of dielectric, A and B in Fig. VI-3,

are of different thicknesses and composed of several sheets.

The thickness of layers A and B are determined by the source

voltage and the trigger voltage magnitudes. For this switch,

the initial trigger strip voltage is

Vt0 = V0kB/(kA + Y )

where kA is the thickness of layer A, and ZB is the thickness

of layer B. The total switch package thickness must hold off

the maximum voltage appearing across the switch electrodes.

The relative thicknesses of A and B are determined in order

to produce multiple initial breakdown in layer A. Dokopoulos

[2] determined an optimum ration ZA/ZB = 6, whereas Nunnally

[3] found a value of ZA /ZB = 5/4. Ideally, the total thick-

ness kT = zA + £B' should be the minimum allowable to hold

off the maximum switching voltage in order to produce fast,

repeatable switching. The switch package construction is

diagrammed in Fig. VI-4, illustrating the placement of the

trigger strip. An important factor in the switch package

placement is the physical symmetry of the trigger strip
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entrance into the electrode region. An unsymmetrical arrange-

ment causes initial trigger breakdown at the entrance of the

trigger strip into the electride region. In addition, the

trigger strip should not exit the electrode region opposite

the trigger input, because of the inhomogeneous field situa-

tions created and the transmission line voltage doubling of

the trigger pulse at the end of the switch trigger strip,

which also causes switching outside the central electrode

region. By using a partially prepunctured (stabbed) dielec-

tric the dielectric can also be made to self-breakdown

(similar to an untriggered spark gap) in several places.

In this case stabs on the positive side seem to result in

lower variation in the breakdown voltage than stabs on the

negative electrode side.

A somewhat different arrangement has been described

by Barnes et.al. [5]. In this case the triggering is

caused by arcing through punctured dielectric layers

between two trigger foils, as shown in Fig. VI-5. The

resulting shock ruptures the main dielectric. Several

trigger points can be used in parallel. A third modification

[6] on this switch type utilizes an exploding foil trigger

where the force of the explosion punctures the main insula-

tion and drives pieces of it through holes drilled in the

main electrode (see Fig. VI-6).

The characteristics of all these switches are that large

forces are developed between the electrodes so they must be

heavily clamped. The use of thin oil coatings between the
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dielectric layers often helps the switch action by removing

gas voids and by reducing surface tracking problems. Suitable

vent holes or slots must be provided in the electrodes to

allow gas escape and reduce electrode surface damage. The

electrodes must typically be resurfaced after some 1000

shots. Because of the inherent stripline configuration of

these switches it is easy to design them with L < 10 nh.

The closed switch resistance is typically less than 1 mQ

(depending upon switch length and number of punctures).

The switches can carry heavy currents (MA's) and pass a

large number of Coulombs/shot (5 1000 C). The switch closure

time is Z 1 ps and the jitter is typically - 0.1 ps, except

for the field distortion switch which has closure times and

jitter in the nanosecond range. The main problem with

these switches is that the switch packages must be replaced

after each switch operation and the switch can be accoustically

noisy unless proper care is taken. The switch debris also

tend to make the switch area somewhat messy after a while

and care should be taken not to inhale the exhaust gases.

A related but different switch arrangement is to accel-

erate a metallic switch electrode so as to make a solid

metal-metal contact. The physical arrangement is similar to

those explained above. In this case, however, an exploding

foil (A chemical explosive can obviously be used instead

but there does not seem to be any obvious advantage to this)

is used to deform a metal switch plate which punctures the

solid dielectric and forms a metal-metal switch contact as
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shown in Fig. VI-7. These switches have a very low resistance

(< 10 PQ). They can close [7] in less than 5 ps with a jitter

of 0.1 ps. The switch electrodes must typically be refurbished

after a few hundred shots. The switch has found its main

application in crowbar service where a low resistance is par-

ticularly important.

The time from trigger current start to foil explosion

is determined by the value of the action integral (gt) at

blow-up [81

.2
gt= f ' dt

where i = foil current at time t

A = cross-sectional area of foil in cm2

Measurements and calculations of the action integral to blow-

up for various metal foils have been reported [9]. From this

the foil cross-section to cause blow-up at a given time can be

determined.

A second modification of the metal-metal switch accelerates

a solid metal pellet through the dielectric and literally

rivets [10] the two main electrodes. The pellet was electro-

magnetically driven. The switch was used in a 40 kV circuit

with peak currents of up to 600 kA and a total charge passage

of 2500 C. The switch closing time was 50 ps and the jitter

was + 1 ps. The metal-metal contact DC resistance was - 1 pR.

Solid dielectric switches have also been laser triggered [11]

and delays as short as 3 ns with a jitter less than 1 ns were



351

EXPLODING FOIL
-- FOIL INSULATION

1( 1ELECTRODE
ELECTRODE INSULATION

ELECTRODE

Before Switching

SOLID METAL-METAL ELECTRODE CONTACT

After Switching

Fig. 3R-7 METAL-METAL SWITCH



352

recorded while switching voltages from 30 to 80 kV. Komel'kov

[12] has given survey of dielectric switch work before 1970.

2. Comparisons and Conclusions

The solid dielectric field distortion switch has the fast-

est switching time (few ns) and lowest jitter (few ns) while

the metal-metal switch has the lowest resistance (RDc - 1 Q)

of these switches. All of these switches can hold-off high

voltages (V > 100 kV), pass high currents (I > 1 MA), and

transfer high Coulombs (C > 1000). The main disadvantage

is the single-shot nature of these switches and the resulting

slow rep-rate of , 1/min.

Research into possible rep-rating methods for these

switches using continuous feed dielectric systems, Gatling

gun arrangements, etc. may be of interest for applications

requiring extremely low switch resistance and high current

and Coulomb handling. The basic operation of the switches

seems to be fairly well understood.
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E. Dielectric Surface Discharge Switches

1. Introduction

Creeping surface discharges have been used [21 in an

interesting switch design as shown in Fig. VI-8. The same

basic arrangement was also used as a preionization scheme

for a gas laser [3]. This switch system which can also be

wrapped in a coaxial arrangement simplifies the initiation

of multichannel discharges, which result in low switch in-

12ductance. The surface discharge is initiated by a fast (10 V/s),

high voltage (50-70 kV) trigger pulse between the ground

plane and the center electrode. Multichannel discharges re-

sult with spacings of 1.5 - 2 cm in air at atmospheric pre-

sure and % 0.5 cm at 300 Torr. The plasma discharge self-

cleans the dielectric surface which can be of materials

such as polyethylene or fiberglass laminate with thicknesses

of 4 - 6 mm. The surface will, however, erode and result

in a fintie lifetime of 103 - 104 shots for the switch.

Some experimental results for a 0.5 m wide switch are [1]

Voltage range: 1-50 kV

Max. Current : 1 MA

Coulomb/shot : 20 C

Inductance < 5 nh

Delay 40 ns

RMS jitter : 5 ns (estimated)

Life 104 shots (before increased jitter
and/or delay)

In another investigation (4] of self breakdown surface

switches it was found that 29 channels/m in a 66 cm long
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switch would close with a simultaneity of % 2 ns for the first

500 shots, increasing to % 5 ns and remain constant up to at

least 104 shots. The hold off voltage was 120 kV but prelim-

inary test were done up to 210 kV. Plans are to investi-

gate voltages up to 1 MV. In rep-rated operation at I pps

the substrate material ("G-30 modified polyamide rigid copper

clad laminate" with the copper etched away) was found unsuit-

able. Initial tests with boron nitrate substrate look pro-

mising and a modest rep-rate capability of 10-20 pps is in-

dicated.

These switches seem to have some interesting potential

for high current, high Coulomb, low inductance, discharges.

An investigation of the discharge resistance for various

ambient gases and pressures and for various dielectric sur-

face materials could lead to greatly improved performance.
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F. Fuse Opening Switches

1. Introduction

A fuse interrupts the current flowing through it after

the joule dissipation from the current vaporizes the conduc-

tor. The interruption process can be very fast (typically 10 is)

since heating increases the self-resistance which, in turn,

increases the dissipation. Another feature, important for

some applications, is the delay, after the current flow

starts, before the fuse opens. For example, a fuse across a

mechanical breaker can carry the current during the delay

before vaporization and hence provide time for the mechanical

contacts to separate enough to prevent arcing when the current

is suddenly interrupted after the fuse vaporizes. An impor-

tant feature, in practice, is that fuses are relatively cheap

and easily fabricated. Perhaps the major disadvantage is

that fuses are single-shot devices.

Fuses of a number of different materials and in several

different geometrical configurations have been employed [1-20].

Materials used include Ag, Au, Al, Zn, W and Cu. Of

these, Cu is often preferred for fuses in air because of its

voltage hold-off and delay characteristics [13]. For fuses

made of copper [10, 12], the time t. explosion depends pri-

marily on the current density, as shown in Fig. VI-9. Not

surprisingly, operation at lower current densities delays

the explosion. For a time to explosion of 1 ms, a typical

opening time for a mechanical breaker, a current density of

about 10 kA/mm 2 is required.
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Figure VI-10 shows the peak voltage per unit length,

V , across a copper wire in air, during a constant current

discharge, vs the time to explosion. Because the data are

for a constant current discharge, the peak in the voltage

implies a peak in the fuse resistance. The increase in re-

sistance before the peak is, as we mentioned, a result of

the heating and vaporization of the fuse. The subsequent

decrease in resistance is caused by "restrike," an arc through

the vapor and debris left behind after the fuse disintegrates.

For some applications, the restrike is a problem, of course.

For now, however, notice the tradeoff between peak voltage

(peak resistance) and the delay or time to explosion: the

more delay we require, the lower the peak voltage (and resis-

tance) for a given fuse.

Some interesting studies have been reported concerning

geometrical effects for fuses. For example, a comparison

of the peak voltages before restrike for a single wire, a

group of parallel wires, and a foil, all of the same cross

sectional area (to keep the current density constant), shows

that parallel thin wires give higher peak voltages than

either of the other alternatives [13].

The medium surrounding the fuse wire can be expected

to affect the fuse performance significantly. A study

[10, 12, 161 of fuses surrounded by air, by water, or by

a small (% 1 cm) tube filled with water shows, somewhat

surprisingly, that the delay-peak voltage characteristic
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is largely unaffected by changing the medium around the fuse.

Thus, Fig. VI-9 is valid for all 3 cases. The peak voltage

characteristic, on the other hand, is significantly different

for each case, as shown in Fig. VI-10. The trade-off between

delay time and peak voltage at restrike is still evident,

however.

The high peak voltages of wires surrounded by water

evidently result from thermal conduction cooling of the plasma

from the fuse by the high pressure fluid around it. Without

such cooling, the plasma density evidently remains relatively

large so that an arc can be struck to re-establish a low

resistance current channel. The higher peak voltages at shorter

times to explosion seemingly result because the correspondingly

high current densities produce a large dR/dt that permits a

large voltage to develop across the switch during the time

before restrike.

Figure VI-11 shows the voltage per unit length across

the fuse during an essentially constant current discharge vs

time for fuses in air, water and a water-filled tube [12).

Again, the switch resistance vs time is proportional to the

voltage per unit length shown as the lower curve in Fig.

VI-10. Notice that fuses surrounded by air and water break

down or restrike after reaching the peak resistance.

Fuses in a water-filled tube, on the other hand, recover and

can hold off nearly 2 kV/cm of length. This feature is

particularly important if a still faster switch is shunted
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across the fuse (in the same way that fuses are shunted across

mechanical breakers) to achieve smaller switching times. Such

successive staging of opening switches by connecting them in

parallel and opening them one at a time in the order of in-

creasing speed permits fast opening (large dR/dt) with rela-

tively low loss (fast switches typically have large resis-

tances because their mass is kept small to make them fast).

The price to be paid is that each switch must hold off the

peak voltage across the load. Notice from Fig. VI-11 that

dR/dt during switching is about k(6000)R/sec where 2 is

the length of the fuse in cm.

Using the tube-of-water fuses, 140 kV or 1.3 kV/cm was

held off without restrike for 50 ms [16]. In other work 118],

a foil fuse surrounded by quartz powder instead of water

transferred currents up to 500 kA into a 200 nH load in

0.2 vs. The voltage at the time the fuse exploded was 200

kV or 5.4 kV/cm. Restrike occured after about 6 us. Peak

opening voltages of up to about 450 kV and electric fields

in the range 18-22 kV/cm have been reported [11] for copper

fuses in water. Again, restrike occured. Typical current

'7 2densities are a few times 10 A/cm

Various practical considerations typically limit the

length of the fuse to 1 meter or less and hence limit the

maximum voltage across the fuse. For example, as the

fuse is lengthened, its finite resistivity in combination

with the increased length produces a large voltage across

the fuse, and hence a ross any associated breaker during
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the time we are trying to open the breaker. This voltage

might be reduced by increasing the cross sectional area of

the fuse to decrease the wire resistance and increase the

time to explosion (since increasing the cross section lowers

the current density), but this change also tends to reduce

dR/dt, as discussed earlier. Moreover, increasing both the

length and area of the fuse simultaneously can decrease its

efficiency by increasing the amount of energy required to

explode the fuse. Increasing the cross sectional area to

compensate for the fuse increases its inductance, which also

can limit the switching speed. Some flexibility in design

can be achieved by connecting individual fuses in series

and/or parallel, however [9, 181.

If higher voltages cannot be realized in practice by

increasing the fuse length beyond 1 meter, say, then how can

they be achieved? One possibility is to use materials other

than copper and water. Conte et.al., have reported [15, 18]

using aluminum fuses in water and hydrogen peroxide to obtain

maximum voltage stresses of approximately 6 kV/cm in water

and H202 with voltage risetimes in the range of 6-8 psec. No

restrike or breakdown was observed. The improved performance

is attributed to an exothermic chemical reaction (between the

aluminum and the water or H20 2) that provides energy in

addition to joule heat to drive the fuse toward high resis-

tance and explosion more quickly [15]. The net result is

to reduce the lengths of the fuses necessary to achieve a
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given voltage and hence to decrease both the energy re-

quired to explode the fuse and the fuse inductance. Fuses

of Mg, Cu, and Ag were found to perform less satisfactorily,

presumably because of their relatively lower chemical activity.

We now consider typical values for several parameters

of fuse opening switches.

Voltage Standoff-The maximum standoff electric field reported,

with restrike, is about 22 kV/cm for a copper fuse in water.

For a fuse length of 1 m, this value would correspond to a

standoff voltage of 2.2 MV. Without restrike, 6 kV/cm has

been reported [15]. The maximum length is usually limited

to less than one meter to reduce both the fuse inductance

and the amount of energy necessary to drive the fuse open.

The maximum reported [181 standoff voltage is 900 kV.

Peak Current-'arger fuse conductors or fuses in parallel

can handle arbitrarily large currents. Two parallel copper

fuses, for example, switched 2 MA into a 60 nH load in

6.5 iis (171.

Pulse Width-If the pulse width is defined as the time delay

before peak resistance, we know from Fig. VI-9 that the

pulse width may be very wide, but at the price of a corres-

pondingly decreased peak resistance (Fig. VI-10). A pulse

width of about 1-2 ms is typical [11] but delays as short

as 4 ps have been reported [18]. Shorter delays are possible

with increased current density.
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12di/dt-Values of up to 1.5 x 10 A/s have been reported [2].

The value of di/dt can be increased at tii' expense of decreas-

ing the delay before opening.

Delay Time-Fuses are not triggered, so delay time in the usual

sense is not defined. See, however Pulse Width.

Jitter-Fuses are not triggered, so jitter in the usual sense

is not defined. There will be variations, of course, in the

delay time to peak resistance after current is applied.

Variations as low as 50 ns have been reported [18].

Pulse Repetition Rate-Although fuses are not ordinarily used

repetitively, a maximum repetition rate of one shot every

five minutes have been reported [12].

Average Current-Because fuses are not typically operated

repetively, average current in the usual sense is not meaning-

ful.

Duty Cycle-Duty cycle in the usual sense has no real meaning

for fuses, since they usually are used on an essentially one-

shot basis.

Recovery Time-Fuses are, of course, opening switches so that

recovery time in the usual sense has no meaning. If restrike

does not occur, however, the peak voltage is held-off indefi-

nitely.

dv/dt-The peak voltage is reached very fast [18] (e.g. 900 kV in

50 ns). The time required depends upon the foil or wire thick-

ness. Measurements about how fast the voltage can be increased

above the peak voltage when restrike does not occur are not

available.
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Risetime-Risetimes are determined by the current density in

the fuse. Reported values range from 0.2 ws [101 to 6-8 ps

(181 to about 500 ps [12].

Coulombs/shot-This quantity clearly depends on the delay to

opening, which depends in turn on the current density in

the fuse. A value of more than 9 C has been achieved [12].

Lifetime-Fuses are single shot devices, although the holder

can be reused [11].

2. Summary and Conclusions

Fuses are economic, fast opening switches that also pro-

vide a built-in delay before opening that is convenient in

some applications. A major shortcoming is that they are

basically single shot devices. Further work should be

directed toward understanding the best materials for "tamping"

the fuse (surrounding it with a solid (e.g. H20 ice) or liquid

medium) to improve its properties and to determine if repeti-

tive operation (with a liquid conductor as the fuse for in-

stance) might be possible. A better understanding of the

conditions for preventing restrike at high electric fields

would also be useful.

A recent, fairly detailed, investigation [19, 20) examines

some of these problems for foil breakers and finds problems

with foil edge effects which cause premature discharge chan-

nels. Methods to prevent this phenomenon are needed. It is

also found that among air, polyethylene, paraffin, water and
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quartz dust the latter is the best quenching material but a

more comprehensive search is needed.
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G. Explosive Opening Switches

1. Introduction

Explosive opening switches have been developed as a more

rapidly opening alternative to mechanical breakers [1-7]. Open-

ing times of less than 20 ps have been achieved in comparison

to about 1000 ps for typical mechanical breakers. The short

opening time, of course, reduces the effects of switch dissi-

pation. In typical explosive opening switches, the current

is interrupted by using an explosive to sever a conductor

by blowing it apart or by forcing it against cutting rings.

The explosion can be initiated with standard exploding

bridgewire detonators [1] to realize jitter times of about

10 ps. Such precise triggering permits series and parallel

operation of single switch modules to achieve operation at

higher voltages and currents. The major disadvantage of ex-

plosive opening switches is that repetitive operation, in

the usual sense, is not possible. They offer [2] the possi-

bility of precise timing and permit the delay before explosion

to be controlled independently of the current flowing through

the switch (with a minimum delay of ' 40 Vs).

In the USSR explosive charges in an oil bath surrounded

by paraffin pushing a conducting cylinder against a set of

cutting rings have been used [3] to interrupt 200 kA in 50-60

ps and holding off 50 kV. A 2-stage series switch was tested

to 70 kV (limited by the power supply but should test out at

> 100 kV) and opened in 7-10 ps. The switch losses were
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100 kJ in the first case and 25-30 kJ in the second case.

It is felt [4] that a converging explosive shock type breaker

may improve these results. There will then be problems with

increased explosive mass but the possibility is being studied.

A new exploding switch concept where the explosive and

the conductor is the same element has been reported [4]. This

is achieved by mixing 10% explosive (Brandname TEN) and 90%

copper powder (50-50% by volume) in a powder metallurgical

process. The copper is in the form of 100 p "pellets." The

mixture is pressed (cintered) at 5000 kg/cm 2 and annealed in

hydrogen. The product can be heated up to 300 0 C for short

times and is "safe against impacts." Preliminary results ex-

ceeded their best results with the "conventional" explosive

switch arrangement. The two arrangements are compared sche-

matically in Fig. VI-12. The resistivity of the explosive

conductor was initially about 100 PO-cm. The explosive

must, of course, be set off by a detonator.

Further developments [3] of this material using a "wet-

ting agent" to "reduce pellet friction" (Molybdenum dichloride?)

resulted in a higher packing factor and reduced the resis-

tivity to n 20 UQ-cm. With a 2 cm diameter, 2 cm long con-

cuctor-explosive element they have been able to interrupt

25 kA in 8-10 ps, holding off 25 kV. Some of the main

operational problems are with the end contacts where they

use "waffled" copper disc surfaces and compression to

achieve good electric contacts. The dielectric strength
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of the switch recovers at a rate of 3 x 109 V/s and the deto-

nation velocity is " . 5 km/s with a mass flow rate of 2-3 km/s.

These investigations are in their infancy and it is dif-

ficult to predict what the ultimate results may be, but the

concept is of sufficient novelty and merit to warrant further

studies. It seems that this unique material may also have

further, yet unexplored applications.

A somewhat different type of chemically exploding switch

has been described by Kassel [51 in a recent review of Soviet

Pulsed-Power R & D. In these cases the explosive cartridge is

placed at right angle to the arc discharge. The explosively

generated shock-wave and the explosion debris then extinguishes

the arc (somewhat similar operation to an airblast breaker).

The interrupted currents were fairly low (0.5 - 2.5 kA) but

the interruption times, At, were quite low (2.1 -39 ps). We

now describe the parameters of exploding opening switches

that have resulted from one recent, fairly detailed study

Voltage Standoff-After about a 10 ps opening time, a multi-

section series switch configuration has held off 100 kV without

restrike, a figure corresponding to 3.3 kV/cm [1]. Up to

10 kV/cm is possible if a restrike after 20 ps can be toler-

ated [1]. Switch lengths from 4 to 30 cm have been investi-

gated. Tests show that 10-20 kV/cm may ultimately be possible.

Peak Current-A single switch module has carried peak currents

of 100 kA (1]. This value could, of course, be increased by

operating switch modules in parallel.
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Pulse Width-The switch can carry rated current indefinitely

before interruption occurs. Thus, the pulse width can be

arbitrarily large.

di/dt-Interruption [1] of 100 kA in about 10 Us indicates

a di/dt of approximately 1012 A/s.

Delay Time-The time delay after the trigger signal is applied

to the detonator and before the switch ruptures ranges from

40 to 70 us [1], depending on the amount of explosive used

and the types of materials used in the switch.

Jitter-A typical jitter time is about 10 us.

Pulse Repetition Rate-Since the conductor and the explosive

must be replaced after every shot, repetition rates are once

every few minuts.

Recovery Time-Recovery times of 40-50 Vs have been reported.

dv/dt-Voltage recovery rates in the range of 109 - 1010 V/s.

have been reported [11.

Risetime-The voltage risetime across the switch is in the

range 10-20 Us.

Lifetime-The conductor and explosive must be replaced after

each shot. No lifetime information is available for the switch

housing, which can be used repeatedly.

2. Summary and Conclusions

Explosive opening switches are a more rapidly opening

alternative to mechanical breakers. Low jitter permits

series-parallel connection of single switch modules for

operation over a wide range of currents and voltages. The
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major disadvantage is that repetitive operation, in the usual

sense, is not possible. Voltage standoff and peak current

for a single module will probably increase after further work.

Triggering parameters (delay, jitter, and so on), already

good in comparison to mechanical switches, are not likely

to be improved without considerable efforts to develop a

new means of detonation, although Larianov [3] found improved

performance by using a coaxial arrangement of oil and paraf-

fin rather than paraffin alone. The use of a limited number

of different dielectric media has been investigated but this

needs further research. The novel explosive conductor material

[4] may also possibly be improved so as to make the resistivity

approach that of coppeL. A USSR patent [7] suggests making

the current carrying liner very thin (e.g. a thin film) so

that it will vaporize and form a current carrying plasma

with very low mass. This may result in reduced switcb size,

reduced explosives mass, higher working voltage, and faster

opening speed.

The explosive switches have the advantage of indefinite

current carrying ability and trigger command but are generally

more complicated and expensive than the exploding wire fuse

switches.
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H. Thermally Driven Opening Switches

1. Introduction

Thermally driven opening switches are the result of

attempts to achieve the speed and economy of fuse opening

switches but with the added advantage of repetitive oper-

ation [1-51. The strategy is simple: let the wire heat

almost to, but not beyond, its melting point so that its

resistance increases several-fold and hence decreases the

current. The wire can thus partially interrupt (decrease

considerably) the current without melting or exploding and

hence can be re-used. For some applications, partial in-

terruption is sufficient. Basic design information for

thermally driven opening switches is given in Ref. [1]. Reports

on applications is given in Refs. [1-4]. At this point, both

low carbon steel [3,4,5] and tungsten [1,4,5] have been in-

vestigated. For low carbon steel, cooled initially to -193 0 C

and allowed to heat to +800 0 C, the resistance changes by a

factor of 70 [3,4]. Reference [6] argues that it should-be

possible to design a bistable thermal switch - one with

both a high and a low equilibrium temperature (resistance).

Such a switch could be used without fear of it being des-

troyed by thermal runaway.

We now briefly consider some of the characteristics

for thermally driven opening switches reported in the lit-

erature. Because the development of such switches is not
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very far advanced, there is considerable uncertainty in the

extent of development possible.

Voltage Standoff-The maximum reported voltage standoff is

20 kV [3,4]. Electric fields of about 1.7 kV/cm were held

off in the work of Ref. [1]. Neither of these figures is likely

to represent a real limit. However, the voltage standoff

should be lower for thermally driven opening switches than

for fuses because thermally driven opening switches do not

vaporize.

Peak Current-The maximum peak current reported so far is

200 kA [3,4]. Higher currents can be realized successfully

by paralleling elements since the V-I characteristics for

thermally driven opening switches have the proper character-

istics for stability (dv/di > 0).

Pulse Width-In the applications reported so far, pulse widths

of about 5 ps [1] and 100 ps [3,4] have been used. As with

fuses, larger pulse widths ordinarily mean slower switching.

di/dt-No direct di/dt information is available, although a

turnoff time of about 6 ps has been observed [1]. The current

density basically determines the di/dt. Typical [4] current

densities are about 15 kA/mm
2.

Delay Time-The difference in time between when the current

is initiated and when the peak in the current is reached is

determined by the current density in the wire. No careful

studies have yet been made. In one experiment, the delay

time is about 1 ps - very short.
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Jitter-No relevant information is available.

Pulse Repetition Rate-This quantity is determined by how

fast the wire can be cooled. After an initial cooling per-

iod of 15 min before the first shot, repeated cooldowns are

possible at the rate of about 1 shot per minute [3,4] when

the initial temperature is -1930C.

Average Current-No relevant information is available.

Duty Cycle-No relevant information is available.

Recovery Time-Because the wire does not vaporize and ionize,

the "recovery" is essentially instantaneous.

dv/dt-Appropriate information is not available.

Risetime-The best reported is 6-8 ps, although this figure

depends on the current density in the wire.

Coulomb/shot-For a pulse width of 100 vs and a current of

200 kA, the charge transfer is about 20 C.

Lifetime-No quantitative data are available.

2. Summary and Conclusion

The main attractive feature of thermally driven open-

ing switches is the promise of repetitive operation. At

present, a major unknown is how well the wires will hold

up under re-cycling. This factor should be investigated

together with efforts to obtain a better characterization

and understanding of the device performance.
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I. Superconducting Switches

1. Introduction

Superconducting opening switches are generally used in

connection with superconductive inductive energy storage.

They represent an attempt to exploit the low temperature

environment already present in the superconductive energy

storage system in providing a conceptually simple means of

repetitive switching. The switch is caused to change from

the superconducting to the normal stage in some character-

istic switching time At. The main problem with supercon-

ducting switches is the additional refrigeration required

to remove the heat dissipated into the low temperature fluid

when the switch goes normal.

This transition can be induced by three distinctly

different trigger (quench) methods: Current, B-field, and

thermal quench. The current from the source through the

switch can be increased to cause self-quench or the current

can be induced by one of several means from a separate ex-

ternal trigger source. An external magnetic field can be

applied to cause B-field quenching. The magnetic field

can be applied, with different results, parallel, or trans-

verse to the current. With foil con~uctors, there is also

a difference with 9 J or 1 to the foil surface while B is

to I. These differences are related to the shielding

effect of the conductor. For foil conductors it has been

found [1] that the best (fastest) quench occurs with B iI
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and tangentially to the foil surface as shown by B3 in Fig.

VI-13. The thermal quench can be induced by heating all

or part of the switch with an external heating filament. The

best way of ensuring uniform heating may be to use some form

of radio frequency heating [2).

The thermal quench is the slowest [3] one with a Atmin of

approximately 1 ms. The B-field quench has about 200 times

faster dR/dt but involves generally bulkier and more complicated

equipment. The simplest quench method for At < 10 vs appears

to be the current induced one. One should note, however, that

empirical results [2,4] show that in order to obtain a "firm

quench" (90% of max. switch resistance) a voltage of 0.3Ic RSw

must be applied to the switch or switch segment. Here, I=

critical current in switch and R = fully normal switch orsw

switch segment resistance. For practical switch values, this

can result in very high voltages which cause insulation prob-

lems, unless the switching voltage is applied across many

switch segments. The quench proceeds from several points along

the wire which goes normal. Opening times as short as 200 ns can

be obtained with 200 pm diameter wires [5]. One should also

note that the switching condition must be maintained long

enough to deliver enough energy (or extract it from the storage

circuit) to raise the temperature of the switch and all associ-

ated material above the critical temperature [6].

When the switch is triggered, it is important that the

entire switch goes normal so that a sufficient AR will reduce

, , i ... .' n I-
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B

Fig.M-I3. Possible B-Field Orientations For
S.C. Switch Quenching
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the current enough to avoid switch burn-out. If the super-

conductor is stabilized sufficiently (Cu-matrix), then this

is difficult. The switch is therefore either partly stabilized

[7,8] (e.g. with 70% Cu, 30% Ni matrix) or not stabilized

[9] at all. The power density in the switch (MW/cm 3) is gen-

erally limited by the allowable temperature rise of the en-

3closing epoxy (10] (% 100*K). Typical values are 1-2 MW/cm

The repetition rate of the switch depends on how fast it

recovers its superconducting stage which again depends upon the

design details, total mass (matrix + s.c. + epoxy), cooling

channels, etc. It is difficult to see how this kind of a

switch can be rep-rated much above 100 pps and the losses (refrig-

eration power) would then probably be excessive. Recall that each

Watt of dissipated power in the cryogenic volume must be paid for by

T - T

E C n TO

where WC = power dissipated in cryogenic environment

WE = supplied refrigeration power

n = % refrigerator efficiency compared to Carnot
efficiency

To = temperature of surrounding medium (,v 300 0 K)

T = refrigeration temperature (% 40K)
Typically, this comes out as W n, 250 W A 95% switch

E C

efficiency does not sound as impressive when one realizes

that the 5% loss power must be multiplied by a factor of

250 in terms of the overall system efficiency. This also

demonstrates the desireability of using a different super-
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conducting material, such as Nb 3Sn. With a superconducting

temperature of say 20*K, the relationship for a practical

refrigeration unit will be WE % 5 0 Wc . It has been shown

[6,111 that, for an unstabilized switch, the volume (which

is approximately proportional to the price) is given by

V I
Vmax maxVSC =2A

~C N

where a and 9 are the cross sectional area and length, Vmax

and Imax, the peak voltage (during switching) and current,

JC the critical current density, and pN the normal state

resistivity of the superconductor. If a matrix is used with

an area ratio of Am/Asc = a, then
V I

V = (a +1) 

~C ~e

where pe is the effective resistivity of the superconductor

and matrix in parallel in the normal state. This is given

by
Pe = [(1 + a)p mPN]/(pm + apN)

From these equations, it is clear that one wants to maximize

Jc' Pm' and p and to minimize a = Am/Asc.

The switch must be designed with a low inductiance wind-

ing (bifilar) arrangement to allow fast switching (low At) and

with sufficient conductor length to give sufficiently large

AR. Too large a loop length in the switch coil can cause

voltage breakdown problems between adjacent conductors.

However, when the switch quenches high voltage spikes are
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d iobserved as a result of the high Ld i (even though L is madedt

as small as possible). Also, when accidental quenches occur,

high voltage spikes occur along the switch where the quench

occurs [8]. These spikes can be 10 times higher than the

voltage which is seen with a normal (triggered) quench. The

insulation must, therefore, be designed accordingly.

For a purely resistive transfer where the superconducting

(s.c.) switch is shunted by a resistance, the energy dissipated

in the cryogenic environment is given by [8,121.

E E-
sw aN

1+-
Rsh

where E is the inductively stored energy, RN is the normal

resistance of the switch, and Rsh is the shunt resistance.

Some considerations of switch losses and energy transfer

times, which are also functions of the external circuit para-

meters, are discussed in Ref. [121. The shunt resistor can

also be used in parallel with the load (which may be induc-

tive) in order to reduce the energy dissipation in the cryo-

genic volume. In order to achieve this, one must have [13,14]

RN > Rsh. However, high RN also requires high switching

voltage and power.

For fast switching, one must also keep the conductor

dimensions small so as to limit magnetic and thermal diffus-

ion times. The switching times of superconducting wires of

various dimensions vs the switching di/dt have been measured

[131. For I < 5 x 107 A/s, the switching times increase

rapidly for decreasing I.
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The minimum energy per unit volume for warm-up of the

composite switch and matrix is given by

10 K d
Q0 = acomP4 2KCcompdt

where acomp is the average composite density and Ccomp is the

average spedific heat. In actuality the supplied energy must

be \ 100 times this in order to ensure a fast quench. For

3one specific case [4] Q0 was calculated to be 22 mJ/cm

2. Experimental Results

At Kernforschungszentrum Karlsruhe several s.c. switches

and inductive energy storage systems have been investigated.

The largest storage system was 220 kJ but the switch in this

case was designed to handle 1 MJ. The switches used approxi-

mately a ratio of 1.2:1 of 70% Cu, 30% Ni matrix to s.c. in

a bifilar cylindrical winding arrangement. In most cases

the s.c. was NbTi and it was measured and calculated that s.c.

wires have higher dR/dt than s.c. foils for a thermal quench.

Some of the experimentally obtained results are:

Power 40 MW

Vmax  : 47 kV

At : 20 js

dR/dt : 22 M/s

Switch Loss/shot : 2.5% of stored energy

AR : 450 N(at T = 10°K)

Switch Recovery : 162 sec

Rep-rate : 4 shots/hr
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The switch recovery rate was largely determined by the epoxy

encapsulation and the rep-rate was set by the recovery of

the storage inductor. (Smaller switches at the same facility

have recovered in 10 sec.) The peak power density in the

switch (s.c. + matrix) is 2 MW/cm 3 and is limited by the

maximum allowable temperature rise at the epoxy interface

(1 100 OK). Thermal triggering gave large jitter with a

delay from trigger to switching of "t 1 ms. With current

triggering the jitter was % 5.2 ps. A problem with the

switch was that it would sometimes self-quench. This is

attributed [10] to problems with the matrix and it is felt

that there is a need for further research on suitable matrix

materials for the switch. At the present time it appears

that the work will not be continued. A detailed report of

much of this work is being prepared [151.

At the D. V. Efremov Scientific Research Institute of

Electrophysical Apparatus in Leningrad, USSR (ESRIEA) the

research has been concentrated on building small, compact,

modular s.c. switches [9]. They use NbTi foils with no matrix

material and achieve a maximum power density of 1 MW/cm2 of

superconducting material. The seemingly contradictory re-

sult that this is less than in the previously described

switches where 2 MW/cm2 was obtained for a NbTi - matrix

material combination is probably due to the temperature rise

limitation of the encapsulating epoxy. It is also possible

that they may have problems in feeding the relatively wide

s.c. foils they used with uniform current density.
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The S.C. switch is constructed as a bifilar pack of a 20 pm

thick strip of the' s.c. foil as shown in Fig. VI-14. Insulat-

ing fiberglass gaskets impregnated with epoxy resin (at 40

atm pressure) are placed between the layers. Several switches

have been constructed and tested as shown in Table VI-l. The

switch dimensions are typically 1.5" x 2" x 6". The Imax

and Imin in Table VI-l gives the range over which the switch

will self (current) quench. This range increases with in-

creasing foil width and may be due to mechanical motions of

the foil or "magneto-thermal effects" (flux jumping?).

Thermal and B-field quenching were also investigated. The

best magnetic field direction for externally controlled

(triggered) quenching was J I and tangentially to the s.c.

foil surface.

Using the SCS6 switch listed in Table VI-I, they trans-

ferred a peak power of 25 MW (2.5 kA, 10 kV) from a 50 kJ

inductive storage systems. The maximum current is 8 kA/unit

and AR % 20-50 0 @ T = 20*K. A particularly important

feature of these switches is their potential modularity.

This aspect is presently being studied at the ESRIEA [16).

The SCS22 and SCS23 switches were successfully operated in

parallel as shown in Table VI-2. Successful parallel oper-

ation of superconducting switches was also demonstrated at

LASL. Two switches which reached 6 kA and 7 kA individually

were operated in parallel at 13 kA.
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~Cu Plates

NbTi (no matrix)

Insulating
Gasket

S

Fig. 21[-14. SUPERCONDUCTING OPENING SWITCH (After References ElI,9])
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Table VI-2. Experimental results of SCS22 and
SCS23 parallel operation

Name I maImin

A A

SCS22 3130 2580

SCS23 2828 2560

SCS22+SCS23 6100 5680
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The current stability (Imin  Imax range) of these

switches has been found to improve with increased opera-

ting temperature, although this reduces Imax . Residual

fields in the foils may also be a contributing factor

to the current instability besides the previously mentioned

mechanical motion and "magneto-thermal" effects. Although

B-field quenching requires relatively bulky equipment, it

provides trigger isolation from the main circuit and the

work is therefore proceeding along these lines.

At los Alamos Scientific Laboratory superconducting

switch work was pursued for several years in connection with

the Magnetic Fusion Confinement Program. The work was dis-

continued for programmatic reasons. Some of their experimental

results with a switch using a 70-30 Cu-Ni matrix with a 1.3:1

matrix to s.c. ratio were:

Icmax = 0 kA

Vmax = 25 kV

E = 200 kJmax
Ttransf = few ms

AR =34.2

Both a cylindrical braid and an accordion type configuration

switch was used. The last one is similar in configuration

to the Efremov switch shown in Fig. VI-13. Movements of the

leads were found to cause stability problems as did stray

fields from the storage coil.
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3. Conclusions and Recommendations

Superconducting switches are the only truly reusable

opening switches for inductive energy storage and may be

important in relatively slow rep-rated systems. At high

rep-rate it appears that the losses of refrigeration power

may be excessive. Research on using higher temperature

superconductors may be worth while. It appears that the

unstabilized switch should have some advantages because of

its low heat capacity. It is somewhat strange, however,

that no mention is made of spontaneous self quenching for

this switch, - especially in view of such problems with the

partially stabilized switch. Also the epoxy encapsulation

apparently poses a limitation on the maximum power density

in the switch due to the maximum allowable temperature rise

without mechanical damage. New encapsulation materials and

new superconducting materials may, therefore, improve the

switch performance and recovery rate. Different matrix

materials can also be important.
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1. Introduction

The evolution of the ionization in an electric field,

from a small number of initiatory electrons up to a final

steady current is of fundamental importance in the develop-

ment of high power switches. This evolution has been the

subject of considerable investigation for the case of a uni-

form and constant electric field between parallel plate

electrodes. The space between the plates is filled with

different gases. This simple geometry is, under certain

conditions, amenable to relatively easy theoretical analysis,

and the results obtained, although not directly applicable

to other geometries, are of fundamental importance since the

basic concepts are the same. When a high voltage is applied

to a parallel plate gap, the gas between the plates undergoes

a transition from insulator to conductor. This transition

may be divided into three phases. These phases correspond

to the Townsend, the glow, and the arc discharge [i1]. A

schematic indication of the evolution of the gap voltage and

current in the development of breakdown is shown in Fig. A-1.

The time elapsed from the application of the high voltage

to the observed time of the appearance of the spark (i.e. to

in Fig. A-l) is called the observation time lag. This time

consists of two portions: the statistical time lag and the

formative time lag. The statistical time lag is the time

elapsed from the application of the voltage to the gap, to

the appearance of an initiating electron. The formative time
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lag is the time necessary for breakdown to develop from the

initial electron. Presently, controversy still exists as to

what are the fundamental physical processes at play in this

process (1]. The process depends on a number of variables:

electrode material, type of gas, pressure (p), electric field

strength (E) and electrode separation (d). However, it is

generally though that the development from an initial electron

to breakdown may proceed via two different mechanisms depend-

ing on the conditions in the gap and the magnitude of the

applied voltage. If the applied voltage does not exceed the

self breakdown voltage by more than a few percent (this value

is a function of gas pressure [2]), breakdown occurs via

avalanche processes requiring secondary mechanisms for their

maintenance. If N electrons/sec are generated at the cathode
0

via some external means (i.e. UV radiation, electron beam,

etc.), the number of electrons/sec reaching the anode, when

secondary processes are absent, is given by (11

N = N ead

where d E gap width

a = Townsend's first ionization coefficient

which is the number of ionizing collisions/unit distance.

An avalanche consists of a single initiating electron from

the cathode and the e d electrons it subsequently creates in

traversing the gap. Thus N electron avalanches per second

are maintained by the external field. If this external source
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is shut off, the avalanches cease. The field-intensified

(since a is a function of E/p) electron current at the anode

is, under these conditions, stable.

When secondary processes are present, an instability

in the current may develop which would lead to breakdown.

The stable, field intensified current may become unstable if

at least one electron/avalanche is produced via secondary

processes. Under these conditions, a current would still

exist in the gap even if the external source of electrons

were cut off. This condition is defined as breakdown, i.e.

the transition from a non-self sustaining state to one that

is self sustaining. This state, or phase, is called a Town-

send discharge. If the processes are not stabilized by some

external means (i.e. restricting the current in the gap by

adding a large resistance in series with the voltage source)

further transitions to, first, a glow discharge and then an

arc discharge would occur.

The secondary processes causing the instability can

occur either at the cathode or in the volume of the gas.

These are classified as follows [1]:

1. Gas ionization by positive ions or 8 processes,

where is Townsend's second coefficient of ionization.

2. Gas ionization by photo-ionization. At low pressures,

this effect is negligible.

3. Secondary emission at the cathode due to incidence

of positive ions, also referred to as y processes.

4. Photo-electric effect at the cathode or 6 processes.
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5. Secondary emission of the cathode due to incidence

of excited atoms, or c processes.

When these processes are taken into consideration, the current

is the gap is given by [1]:

I o (l - ad

e= eOdcl - 5 + a(6 + e)d (e (a-$)d) 6 + +
eL a y a+ - a -(1 - (6+E)d)]

When the conditions in the gap are such that the denominator in

the above expression is zero, the instability leading to break-

down is said to develop.

Since S/a, ad and 6d are generally <<, the above expression

reduces to:

ad

n o (A-l)
(.ad

where w= + ay + 6 + E.

From this equation, although derived from steady state con-

ditions, the breakdown criterion is obtained:

a d -1) = 1 (A-2)

This is known as Townsend's criterion for breakdown in uniform

static fields. We observe that when Eq. (A-2) is satisfied, the

current in Eq. (A-l) tends to infinity. This mathematical

expression, obtained from the steady state Eq. (A-l), is

physically interpreted as the condition which must exist in

the gap so that a finite current flows without the need of

an external ionization agent producing N0, i.e. conditions for
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a self sustaining discharge. Thus, for a given w and a(which

are functions of the electric field and pressure in the gap),

Eq. (A-2) defines a distance d = d at which breakdown occurs,5

i.e. onset of a self-sustaining discharge. The time it takes

for a gap to breakdown under these conditions is inversely

proportional to the ion diffusion velocity, assuming that

the secondary ionization processes are due to the ions.

Using Eq. (A-2), a functional relationship can be obtained

between the electrode separation and the voltage at which break-

down occurs. This fact was observed experimentally by Dela

Rue and Muller [3] and was extensively studied later by Paschen

[4], to whom the law is ascribed.

Since a/p is a unique f.unction of E/p; and if we assume

that w is also a function of E/p (this has been experimentally

confirmed), letting c/p = f(E/p) and w/p = F(E/p), Eq. (A-2)

can be rewritten as [1]:

F(E/p) f(E/p)pdf(E/p)(e s-)=

and since E - s/ds,

F(Vs/pd s ) f (Vs/pd1
s s (e s- ) =1 (A-3a)

f(V /pd)
5 5

or

V s = (pds), (A-3b)
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which means that the breakdown voltage of the uniform field

gap is a unique function, 0, of the product of pressure and elec-

trode separation for a given gas and electrode material. This

is the Paschen Law. The functional relationships in Eq. (A-3)

are generally very complicated and no single function, for

example, can be used to represent the experimentally observed

dependence of u/p on E/p. In certaiLn regimes, the functional

relationship between a/p and E/p can be approximated by (51

a = Ae (A-4)
p

where for a given gas, A and B are constants. Using Eq. (A-4)

and the experimentally observed fact that y (neglect all other

process in w) is a slowly varying function of E/p, over a

wide range, Eq. (A-3) becomes (for << y),

-Bpd s/Vs[PdsAe ]

y {e -i} = 1

or

Bpd s AVs n[ A + £n(pd s ).V £n(- + 1)

Y
Noting that the first term is practically constant with E/p,

the above is rewritten as,

Bpd s
V pd- (A-5)

C + £n(pd S )

where A
£n(1 + 1)
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Equation (A-5) is sketched in Fig. (A-2).

At large values of pd the breakdown voltage, Vs, in-

creases with increasing pd. Note that the logarithmic func-

tion in the denominator has a lower increase with pd than

the numerator, resulting in a net increase. This increase

is physically due to the fact that as the pressure increases,

the collision length decreases, thus higher applied fields are

required for the electrons to gain, in these short paths, the

necessary energy to ionize the gas. Similarly, at low values

of pd, Vs increases with decreasing pd. In this regime, for

decreasing pd, the denominator decreases faster than the

numerator resulting in a net increase. This behavior is

physically due to the fact that at low pressures, the collision

length is very large, larger than the gap separation, and

very few electrons, in crossing the gap, ionize gas atoms.

By increasing the applied voltage the number of ionizing

electrons increases until the value is reached where break-

down occurs.

The breakdown voltage goes through a minimum in the

transition from low to large values of pd. This minimum

breakdown voltage is obtained from Eq. (A-5) by differen-

tiating with respect to pds and equating the result to zero.

This gives:

V 2.718 B£Zn(l + 1/y) (A-6)
Asmin
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and

_ 2.718 kn(l + 1/y).
Pdsmin A

With an applied voltage smaller than Vsmin , it is impossible

to cause breakdown of a uniform field gap no matter what the

spacing or pressure is. The behavior of this curve has

been experimentally confirmed for various gases and electrode

material [1].

It is remarkable that the general results given above,

obtained from a very simple theory, agree quite well, within

the Townsend regime of parameter space, with experimental

results. Because of this, the above results are very useful.

Outside, this regime, variations from this law have been

experimentally found and another theory has been proposed to

explain the observed behavior [6].

It was at first thought that the deviations from the

Paschen Law observed at high pressures (the boundary line

is rather diffuse) were indicative of a different mechanism

for breakdown [6]. However, it has now been established

that it is the % overvoltage that really determines, at these

high pressures, the process via which breakdown occurs [2].

For low overvoltages, breakdown develops as previously des-

cribed. However, for overvoltages of a few percent or more

(depending on pressure and type of gas [21) breakdown in

thought to develop via streamer formation [7].

A streamer is a filamentary ionization channel that

develops from the head of a space charge due to photo ionization.
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Streamers can propagate towards the cathode or both the cathode

and anode, depending on the conditions in the gap (7]. Meek

(61, who only considered the cathode directed streamer,

developed the first mathematical criterion for streamer develop-

ment. "A streamer will develop when the radial field above a

positive space charge in an electron avalancht attains a

value of the order of the external applied field"

If x cr is the distance travelled by an avalanche

before the transition to a streamer occurs, then the space

charge field was experimentally found to become compar-

able to the applied field when [7].

ax = 20 (A-7)

where a is the Townsend ionization coefficient. This implies

that ncr = eXcr - 5 x 108 electrons assuming the streamer starts

from a single electron. The critical number of electrons

in the avalanche for a transition to a streamer to occur is ncr

The time it takes to form the streamer is then

tcr ~ -- (A-8)

e e

where Ve is the electron drift velocity in the applied field.

The streamer velocity is

a/R
Vs =E 2 a/R (A-9)

i n i - laiR -i
e o
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where

S= mobility of electrons

E = applied electric field

a = length of streamer

R = Radius of charge distribution at time of
streamer formation (only approximately known)

In overvolted gaps, where breakdown proceeds via streamer

formation, the propagation time of the avalanche up to becoming

critical, tcr, determines the breakdown time since the 3treamer

propagation velocity is very high. At fields above 105 V/cm,

however, shorter delay times than those predicted from equa-

tion (A-2) have been observed. Those [9] have been explained

by invoking multi-avalanche processes, i.e. many avalanches in

series. The theory of streamer breakdown is highly qualitative

and still a controversial subject [1, 2, 5, 6, 7].
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1. Introduction

The switches described here are limited to vacuum

tubes, thyratrons, spark gaps, ignitrons and silicon con-

trolled rectifiers (SCR's). The emphasis is on "closing"

rather than "opening" switches. The vacuum tube is the

only concept discussed which clearly qualifies as an "open-

ing" switch. Also, operation under "square pulse" conditions

is utilized where data is available. Data on operation as

phase control devices are not included in this evaluation.

Only the information found in the open literature and

manufacturers' data sheets are utilized (except in some

spark gap cases) in this Appendix even though the authors

are aware of experiments in various laboratories that have

not yet been published. Although it is unlikely that all

available literature data have been found, sufficient in-

formation seems to have been gathered to define the state-

of-the-art in high power switching in a reasonable way.

2. Data Base Rationale

The set of parameters chosen for evaluation are maximum

rated voltage, peak repetitive current, current rate of

rise (di/dt), pulse repetition rate, Coulomb transfer per

shot, total number of shots in expected life, and the total

Coulomb transfer throughout the expected life. The data used

in thir evaluation is presented in Tables 1-5. Each entry

represents a particular device performance under a specific

set of operating conditions. Note that not all parameters were

available for each entry.
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Because switches can be operated to enhance one particu-

lar parameter at the expense of others, a reasonable set of

parameters and operating conditions were chosen so that mean-

ingful comparisons could be made. For instance, life expec-

tancy in spark gaps and ignitrons is usually stated as a number

of operations or shots under some set of conditions (hold-off

voltage, peak current, and Coulomb transfer) whereas the life

of vacuum tubes and thyratrons is usually expressed as a num-

ber of operating hours (usually 104 hours) and the life of

solid state devices in years. In all these devices the life

expectancy can be increased by reduction of the operating

stress, i.e., lower voltage, current and Coulomb transfer

or pulse width, as well as a reduced rate of current rise.

This is generally true because of lower energy dissipation

in the switch.

For thyratrons, the set of operational conditions used

are simultaneous operation at rated voltage and pulsed

current and operation at rated average current and pulse

repetition rate as determined by the anode heating factor and

a 10,000 hour life. From this set of data it is relatively

easy to calculate the chosen set of parameters (Table I). In

some cases, it was found that this procedure resulted in in-

consistencies with other operating parameters such as the

rms current, etc. However, a sufficiently consistent data

set were found for the present purposes.
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Vacuum tubes are somewhat more difficult to evaluate.

Little information was, for instance, found on di/dt. This

is because di/dt is a function of the driving power one is

willing to invest for a particular tube. A pulse width limi-

tation was stated in several cases. The data shown in Table II

were derived by postulating operation at rated voltage and

current, maximum pulse width and rated anode dissipation. A

10,000 hour life was assumed. Some of the tubes are develop-

mental types and only incomplete data were available.

Ignitrons are mostly rated for crowbar and ringing

capacitor discharge service. A very limited life results

from such operation (1000's of shots) and manufacturer's

data tend to be very conservative. It is well known that

the ignitron life in rectifier service is many years.

However, this type of operation is not within the present

meaning of "high power switching." Some data are available

on operation of ignitrons in high repetition rate, square

pulse service and these data were included. Otherwise, the

data supplied by manufacturers on the crowbar or capacitor

discharge operation form the data base (Table I).

Spark gap data (Table IV) are particularly difficult

to compare since most spark gaps are individually designed

and built by the user for a particular application. As a

result the gaps are also usually tested in a limited para-

meter range for the given application. Many lifetests, for

instance, have been terminated before the device actually

failed because there was no need at the time for longer life
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or because there was no funding for continuing the test.

As a result it is felt that the indicated lifetimes for spark

gaps are quite conservative. The few manufacturer's speci-

fications that exist for spark gaps are generally uninter-

esting in that they usually describe rather low performance

devices. The information used in this paper was gleaned

mostly from conference papers and technical reports supple-

mented by interviews were obvious holes in the data base

existed.

The data (Table V) for solid state devices were obtained

from manufacturers' data sheets for high power inverters.

Phase control devices are not included. The voltage VT repre-

sents the repetitive forward or reverse blocking voltage. For

SCRs the peak current, Ip, is the maximum peak current obtained

for a trapezoidal pulse with a leading edge ramp of 100 A/psec.

The maximum values of di/dt (shown in parenthesis in Table V)

for these inverters are based on dissipation constraints,

and, except for the lowest value, which was obtained repeti-

tively (a European test condition), are non-repetitive values.

The remaining data were obtained from the open literature.

For the RSR VT is the forward breakover voltage; the values

for the LASS devices are conventional SCR blocking voltages.

Pulse shapes for these data were more or less rectangular.

For the RSR di/dt was measured repetitively, and is realted

to the turn-on efficiency of the device. The di/dt value for

the LASS devices were obtained from pulse risetimes and peak
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Table IV. Spark Gap Data
VT  Ip di/dt NT Qs fr

kV kA A/us Coul. Shots Coul/shot pps

120 25 25(103) >.14(106) 2.6(106) 53(10-3 ) 2 - 5

54 1 200(103) >103 >105 .1 (3) *

-390 4.5 240(10) 250

103 500 5(107) 50(10 - 3) single
shot

240 43

60 330 (10)

60 140 4.5(104) 5(103) 9

60 60 2.1(104) .7(106) 2(106) .35 .1

125 500 4(106) 5(103) 5(103) 1

60 6 360(10 - ) 250 *-

80 1.2 100 -

80 .56 200 +

80 -4 .28 400 ++

80 .24 500 *4

20 .56 500 +4

60 400 -2(105) 1.3(106) 1.6(10 ) 8 .13

60 103  50

45 400 -4(105) 13(10 ) 30 1/60

40 750 103  50

12(103) 103 >10 *

100 .6(103) 8(10) *

30 4(103) *

10(10
3) 100 >106

* (single shot di/dt)

•* (di/dt and I under short ckt conditions)

• synthetic testing
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currents. No lifetime data were available for any of the

tabulated devices, but it is to be expected that they will

have the very long lifetimes (in the order of 20 years)

generally associated with semiconductor power devices.
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1. Introduction

The circuit breaker duties include both opening and

closing of electric circuits with inductive, capacitive

and resistive loads over a wide range of values from no-

load short lines, to rated-loads, to short circuits. The

majority of applications have been for 50 and 60 Hz systems,

but there is some experience with DC, 25 and 400 Hz. Trans-

ients of several kHz are possible on such systems.

The typical duty of the power circuit breaker is to

carry current (from a fraction up to its continuous rating)

continuously for long periods of time, to interrupt these

currents occasionally and, on rare occasions, interrupt short

circuit currents. Automatic reclosing is frequently used

for fault, or short circuit conditions. Thus, the breaker

is called upon, not only to close circuits on no load (charg-

ing currents) and normal load currents (plus transients),

but also r'a severe short circuits. In addition to its current

carrying and opening and closing duties, it must stand off

both transient voltages immediately after opening as well

as noiatal, steady state values for extended periods of time.

Also, in both the open and closed position, it is called

upon to withstand lightning s jes.

Reliability is of utmost importance, since failures can

be catastrophic, not only to the breaker itself, but also

to other expensive equipment with which they invariably inter-

connect. A standard practice to increase reliability in



430

power system applications is to use backup circuit breakers

(or fuses). However, this backup capability is not normally

obtained by duplication of facilities, but rather is obtained

from other breakers installed to control and protect a

larger portion of the power system. For many of the pulsed

power applications, for which this report is of interest,

such backup will not automatically be installed. Therefore,

more emphasis should be placed on the primary switches'

reliability.

For short circuit conditions on a-c power systems, the

switch opening time is measured in cycles of the normal

frequency (16 2/3 ms for 60 Hz systems). Typical values of

opening times are 1 1/2 to 8 cycles after the relays call

for the breaker to interrupt. Some breakers can operate

in slightly less than one cycle. The opening time for the

general case will not be less than 1/2 cycle, since the

normal current zeros are relied upon for arc extinction.

(Current chopping is avoided and forced commutation is not

practiced on a-c power systems.) However, both power system

stability and arc erosion of the breaker electrodes favor

short opening times.

This appendix is not intended to show the details of

how transient switching voltages and short circuit currents

are calculated or to present the complete circuit breaker

ratings standards, either ANSI or IEC. The references at

the end of the chapter provide the reader with an extensive
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list of books and articles on these topics. A good review of

the history and current state of ratings standards is included

in the IEEE text Application of Power Circuit Breakers [1].

Greenwood's book [21 provides excellent insight into the

voltage transients on power systems. Power Circuit Breaker

Theory And Design, edited by Flurscheim, [3] also has a

chapter on network switching conditions. The AIEE [4] and

the two IEEE PAS bibliographies [5, 61 cover pertinent liter-

ature up through 1973.

However, for the reader's convenience, a summary of

the fundamentals is presented here. For a balanced, three

phase circuit, the MVA through the breaker is

MVA = / V I, (A3-1)

where V is the rms line to line voltage in kilovolts and I

is the rms current in kiloamps. The largest currents that

the breakers have to interrupt are due to short circuits on

the system. The short circuits may be three phase, line-to-

line, line-to-ground, etc. Depending upon the instant of

time during the cycle that the short circuit occurs, the

resulting transient current may have a damped d-c offset

as shown in Fig. A3-1. The peak value of the sinusoidal component

of the current wave is 17 times the rms value of that com-

ponent. A term called "total rms current" is defined as

/ 2 2
total rms current = V(ac) + (dc) , (A3-2)
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Figure A3-1. Short Circuit Current with Decaying
D-C offset.
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which is a function of time, where (ac) is the rms value of

the sinusoidal component and (dc) is the value of the decay-

ing dc current at the time that the breaker electrodes first

separate. This quantity was used in the older "Total Current

Basis of Rating." Obviously, the instantaneous value of the

current at the time of contact separation may be considerably

higher or lower than this value. The "Symmetrical rating

standard" uses the rms value of the sinusoidal component

only, together with an asymmetry factor, S. The asymmetry

factor is shown in Fig. A3-2.

The abscissa is measured in cycles of a 60 Hz wave from

the trip signal to contact separation. The various cycle

breaker times listed include a relaying time and extend to

current interrupt, rather than contact separation.

Another factor, K, the rated voltage range factor, is

used in the symmetrical rating standard. The breaker has

a maximum rated voltage, which is the highest rms line-to-

line voltage for which the breaker is designed. Over the

range of voltage from this maximum voltage down to 1/K times

this voltage, the rated current interrupting capabilities

are Vmax/V times the rated current interrupting ability with

Vmax

It should be apparent that this maximum rated voltage

is neither the withstand voltage nor the maximum voltage that

can occur across the contacts of an interrupter. Other fac-

tors that can influence these voltages appreciably are the
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/2 ratio between the peak to rms value of sine waves, the

/ ratio between the line-to-line and line to neutral voltages

of a balanced three phase system, the fact that there may be

several interrupters in series, lightning and lightning

arrester characteristics, and voltage transients which may

follow interruption.

The closing and latching capability of the breaker shall

be 1.6 K times the (rms symmetrical) rated short circuit

current. Or the peak value is 2.7 K times the rated short

circuit current. The breaker must be able to carry this cur-

rent for 3 seconds. It must be able to carry this current

for 2 seconds and then interrupt it, for rated voltages of

72.5 kV and below. The required carrying time before inter-

rupt for breakers rated 121 kV and above is reduced to 1 sec-

ond.

Breakers rated 121 kV and above must be capable of

the following full-rated interruption duty cycle. Close-

open, wait 15 seconds; close-open, wait 15 minutes; close-

open, wait 15 seconds; close-open, wait 1 hour; close-open.

The high voltage breakers use several intersystems in

series. Typical numbers of interrupters are given in Table

A3-1.
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Table A3-1. Interrupters in Series [7]

Type Breaker

Breaker
Voltage oil SF 6 Air Vacuumr
kV6 Blast

145 2-4 1 2 3

242 4-6 2 2 5

362 6-8 2 4 7

550 10-12 3 6 11

800 12-14 4 8 14
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